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Positionsil specificity deteraiinants of human 15-lipoxy- 
genase were^examihed by'sjj&^irected mutagendis and by 
kinetic analysis of tlie wild^iype and variant enzymes. By 
.comparing diffei^nces among ^u^^ of 12- 

' and 15-Ii|K))iygenases, a small: for func^^ 

' tioinal dOTereno»' te^ IS-liiioiirjrg^nases has^ 

iieen Identified. Furthermore, the replacement of only two 
amino adds in 15-lipoxygenase (at 417 and 418 in the 
primary sequence) by thosie' found 'in ;C^itain'il2-lipoxy- 
. genases: results in an enzyme that has acU^^^ to 
;12-lipoxy^enase: An examii^ nine 
' vanahts.of lipoxygeha^^ that the amino acid 

"sid^-cliain biU are 
;thVke^^ 

^/of'l5-Upbxyge^ 

^Ovaiin^ atv 41T rad 4 pre- 

dominantly 12-lipoxygeiiiati^n ' was - aiWev^^^ ini a baculo- 
virus-insect cell culture system. TlUs^ y^ was piurified 
to >9d% homogeneity and Its with\ 
the wild-type 15-lip6xygena^.^The yari has no : 

change in its apparent ICM^9r^ra^^^^°^^ ^^^^ ™^ ^ minor 
(Mold) change in its Vmaxi For linoleic acid, the variant 
has no diange m its ATm and a 10-fold reduction in its Vniax> 
as expected for an enzyme performing predominantly 12- 
Upoxygenation. The results are consistent with a model in 
which two amino acids of 15-lipoxygenase (isoleudne 417 
and methionine 418) constitute a structural dement which 
contributes to the regiospedfidty of the enzyme. Replace- 
ment of these amino adds with those found in certain 
12-Upoxygenases results in an enzyme which can bind 
arachidonic add hi a catalytic register that prefers 12- 
lipoxygenation. 

Key words: arachidonic acid/conserved differences/lipoxy- 
genase/regiospeciiicity/substrate specificity 



Introduction 

The lipoxygenases are a family of dioxygenases which act on 
fatty acids containing a 1 ,4-ri5,dj-pentadiene. The product of 
this reaction is a fatty acid hydroperoxide, containing a 
l-hydroperoxy-2,4-/ra/i5,ci5-penladiene. Lipoxygenases may be 
important targets for drag design because they have been 
implicated in the pathogenesis of a variety of infiammatory 
conditions such as arthritis, psoriasis and bronchial asthma 
(Samuelsson et al, 1987). Furthermore, 15-lipoxygenase has 
been implicated in the early stages of atherosclerosis, as it is 
induced in human atherosclerotic lesions (Yla-Herttuala et aL 
1990) and is capable of oxidizing low-density lipoprotein to 
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its atherogenic form (Parthasarathy et aL, 1989; Steinberg 
et aL, 1989). 

The primary sequences of the major mammalian lipoxy* 
genases have a high degree of identity, yet these enzymes 
differ in their positional specificity on arachidonic acid. Thus, 
S-lipoxygenase catalyzes the dioxygenation of the carbon-5 of 
arachidonic. acid, 12-lipoxygenase acts on carbon- 12, and 13- 
. lipoxygenase acts bn 'caition-I5;^;An 
structural features of these^enzym&^ are responsible for: 
the difference in positional s^ provide information ^ 

abbut>iiiipbrtan 

iidii caii icqmeTifpm a'c'Sihbinm of :'sit^^ 

studies, direct chemical' modification of ^A^^ the 

enzyme and X-ray crystallography. The only known 3-D 

structure of any lipoxygenase js that of, soybean, ispforro-1 

(Bbyiiigtoh e7 aL, 1993). There ^are"two %6ive^^ 

cavities in the^structure: one proposed to oxygen tunnel, 

the %ther' the^ acid civity^tip^^ Ms stni^tureSvs^ ^ 

sbiveil^^^^ the'absi^nceibf aiiy 

tp assess the- iittji^ 

the'^eiizyme's ^ v"-^:v^/ VT%7i 

be de^nb^ffuUy;:tt has^^ shov^ ttiat- 1^^^^^ 
step of the reactfoiiis the sterecfspecific'^ ^ 
from a bis-allylic methylene (Hambeig and Samuelsson, 1967). 
Molecular oxygen is then ^riserteSi'v 
' carbons • -awky^-'from the ' site ^?&f ' dife-nfiyilrdgen; 'ai)stmctibn, 
resulting' in- a ^droperoxy-fattyfac^^ 
diene. The activity of rabbit l S-HixyxygehSsg"hk^^ 
for fatty acids of various lengths and of various degrees of 
saturation. It was found that the rabbit enzyme prefers substrates 
which have a bis-allylic methylene eight or nine carbons away 
from the methyl terminus of the fatty acid substrate, implying 
that this distance is die key determinant in the positional 
specificity of the enzyme (Kuhn et aL, 1990b). Furthermore, 
it has been demonstrated diat both die rabbit (Murray and 
Brash, 1988; Kuhn, et aL. 1990a) and die human 15-lipoxy- 
genase (Kuhn, et aL, 1993) have activity on various membrane 
phospholipids. Thus it is likely diat a key enzyme-substrate 
interaction is present at the methyl terminus of the fatty acid, 
so that die ci>-8 carbon (Uie eighdi caibon from the mediyl 
end) is positioned near the reaction center for hydrogen 
abstraction. If this carbon is a bis-allylic methylene (as in 
arachidonic acid and linoleic acid), hydrogen can be abstracted 
and the reaction can proceed. Recendy, it has been demon- 
strated dial the 12-lipoxygenase from porcine leukocytes can 
oxidize membrane phospholipids, suggesting that a key 
enzyme-subsu^ie interaction for this enzyme is also present 
at the mediyl terminus of the substrate (Takahashi et aL, 1993). 

Previously, we searched die sequences of 12- and 15- 
lipoxygenases to determine which amino acids may be respons- 
ible for the positional specificity difference of diese two 
enzymes. We found four conserved differences in the 
sequences, i.e. four amino acids were conserved in the three 
12-lipoxygenase sequences at sites that not only differed from 
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the IS-lipoxygenase sequences but were also conserved within 
the IS-lipoxygenase sequences. We have demonstrated by site- 
directed mutagenesis that one of these conserved differences 
in human 15-lipoxygenase is important in determining the 
positional specificity of the enzyme. Replacement of this amino 
acid in IS-Hpoxygenase (methionine at 418) with the amino 
acid found in the 12-lipoxygenases (valine) results in an 
enzyme that catalyzes equally 12- and 15-Iipoxygenation. 
Furthermore, replacement of this methionine as well as the 
two neighboring amino acids with amino acids found in die 
12-lippxygenase of human platelets results in an enzyme with 
activity closely resembling that of 12-lipoxygenase (Sloane 
et al, 1991). However, due to limitations in the levels of 
expression in Escherichia coli, previous studies were performed 
using bacterial crude lysates. Hence, the kinetic constants 0^ 
. a purified. mutant have not been measMji^^ ■the^Jyi^ , 



DNA polymerase and T4 DNA ligase were obtained from 
Promega (Madison, WI). DNA polymerase I (Klenow frag- 
ment) was acquired from Bethesda Research Laboratories 
(Gaithersburg, MD). All reagents were of the highest commer- 
cial grade. 

Plasmids and oligonucleotides. The plasmid pSS15LO (De 
Marzo et al„ 1992) was used for all mutagenesis and bacterial 
expression. For baculovirus-insect cell culture expression we 
used the U^splacemeni vector pSynXIV VI^ X3 (Wang et aL, 
1991). All oligodeoxynucleotides were synthesized on an 
Applied Biosystems 308B DNA synthesizer at the Bio- 
niolecular Resource Center, University of California, San 
Francisco, CA. 

Other reagents. Arachidonic acid (eicosa-5Z,8Z,l IZ, l4Z-tetra- 
enoic acid), linoleic acid (octadeca-9Z,'12Z-dienoic acid). 




^ SS'/y^in^a sblvM-accessible^^c^ of the ^soybean ehzyme^^^'^"ETEy!>/e^ from Woiiio! '(Plymouth:. Meeting,; 

(Boyington et al. 1993). The results of our mutagenesis study P^). 1 3-Hydroperoxyoctadecadienoic acid was purchased from 
imply that this cavity is the falty acid subslrate binding cavity; ^^^^^rd Biomedical Research (Oxford, MI). 

rho^i?yer,Ji^^ and the fatty ^^j;. Sife^dire^^^^ 




cDNWi^jnebdihg;' 1^ is^jprb- : 

. . Mv ,^ o . r /iipbxygenase is-'placedfa^^^^^ 

position^ s^^^^ /iicZ nbosome binding site to achieve bacterial 

'^j^'/^j^aminp suniiicTacids would definep^ exbfessioriv^i@/2;v^^^ ii: , ; U;!^: /[ '.. . ; 1 

1^ DmdAw: v . ,»^:-:^^>^^f»j-:^:^^^^^^ by the 

rhbdified pnjviousl'y (Evnin ' 
ngle-stranded pSSlSLO was^^ 
isolated from Exioli LE 1 1 2 which had been freshly transformed 
with double-stranded pSS15L0 and infected with helper phage 
VCSM13 by standard methods (Sambrook et aL 1989). DNA 
was purified from phage proteins as follows. The phage 
proteins were suspended in a 2% SDS solution and heated to 
70°C for 10 min. The SDS-protein was then precipitated by 
the addition of an equal volume of 3 M potassium acetate and 
5 M acetic acid, and centrifugation at 12 000 ^ for 15 min. 
The resulting supernatant was then extracted once with an 
equal volume of phenol saturated with TE (10 mM Tris-HCI, 
pH 8.0, 1 mM EDTA), twice with an equal volume of 
phenol xhloroform (1:1), and once with an equal volume of 
chloroform. The DNA was precipitated from the final aqueous 
phase by the addition of an equal volume of isopropyl alcohol. 
The precipitated DNA was then resuspended in TE. The 
template for the mutagenesis reaction prepared in this way 
would typically yield a 60-70% mutation frequency. 

Synthetic oligodeoxynucleotides were annealed to the single- 
stranded template at a molar ratio of 25:1 (primentemplate). 
T4 DNA polymerase was used for the in vitro DNA synthesis, 
as described (Evnin and Craik, 1988). To make the 14 17V 
change, we used an oligodeoxynucleotide with the sequence 5'- 
CCAGTACTCATAACCTGGTCG-3'. For the double mutant 
I4I7V,M4I8V, we used an oligodeoxynucleotide with the 
sequence 5'-CCAGTACTAACTACCTGGTCG-3'. To replace 
the methionine at position 418 widi asparagine, lysine, iso- 



: mbdei by introducing various amino acid replacements at this : 
site. Furthermore, we overexpressed and purified one critical 
mutant to analyze the enzyme's kinetics in more detail. The 
results we present here are consistent with a model in which 
die amino acids at posidons 417 and 418 define the positional 
specificitv of die enzyme through conformational or configura- 
tional parameters, rather than through direct side chain- 
substrate interactions. Furthermore, die kinetics of the enzyme 
have not been altered, implying that diese mutations have not 
affected die catalydc efficiency of die enzyme; radier, they 
allow die substrate to bind in die enzyme in a register that 
favors 12-lipoxygenatibn. 

Materials and methods 

Materials 

Bacterial strains. All Ecoii expression was performed in strain 
DH5a [P- endAl, hsdRI7 {rfm^^^^ supE44. thi-J, A.", recAl. 
gyrA96, relAh MargF-lacZYAl UI69, <|>80 dlac A/acZ AM 1 5). 
Uracil-laden single-stranded DNA was prepared from strain 
LE1I2 (P lacF, lacZv.TnS, proAB^utl, ungi. relAl; Evnin 
et fl/., 1990). Helper phage for die single-sUranded DNA 
preparation was VCSMI3 from Stratagene (La Jolla, CA). 
Enzymes and molecular biology reagents. All restriction 
endonucleases and deoxynucleoside triphosphates were pur- 
chased from Boehringer-Mannheim (Indianapolis, IN). T4 
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leucine, leucine, threonine or tryptophan, we used the 
redundant oligodeoxynucleotide 5'-CCAGTACT(ACT)(GA. 
TC)(TA)TATCTGGTCG-3'. The above oiigodeoxynucleotides 
were complementary to nucleotides 1245-1265 in the human 
15-lipoxygenase cDNA sequence (Sigal et aL 1988). The 
bold bases indicate mismatches and bases in parentheses arc 
redundant at that position. For generating the quadruple mutant 
15L0X (Q416K,I417A,M418N,S419A), an oligodeoxynucleo- 
tide with the sequence 5'-CCTCCCCCACCAGTAGCGTTA. 
GCTTTGTCGAAAATTCCC-3' was used. This oligodeoxy- 
nucleotide is complementary to nucleotides 1236-1274 in the 
published sequence. Each oligodeoxynucleotide is designed to 
not only make the desired change in the amino acid sequence, 
but also change the recognition sequence of the restriction 
endonuclease Hgi AI (5'-GAGCAC-3', at position 1257 of 
the published cDN A sequence)*; rendering the mutated DNA ; 
resistant to cleavage by. Hgi - AI at this^sitei to facilitate^ 
screening. io;tr^ ; 
(V4I^LV4l9Ki); mutations; weibsied iMi*olig6die6xynucieotide ^ 
wii^h: t^^ seijuen^ :5^;<^^ 
3-; which is ciomplemeritaiy toWiicI^^^^ 
published sequence of the bovine 12-lipoxygenase cDNA (De 
Marzo et aL 1992). This oligodeoxynucleotide not only makes 
.theVdesired changes jri\the,;aminoJ:a^^ 12- s- 

lijjpxygenase, , but also' mutates . an;, existing .^^^^ 

.^rvdoiiucleia^ 

;pSSi2Ld(^^^^^ 

ifandijcjcpres^ 




tide'chamVte 
,foi^;dou6ie-strand^ 

oHij;""'' • * ■ " 

Baculovirus expression, 
r- 1 5;Jipoxygenase in ;A baculoyihiSj-jnsect;^^c^^^ 
has beeri described.previously ■(KuH To express : 

the I5L0X (I4l7V,M4l8y) yank^^^^^^ trans- 
placement vector pSyn 1 5vv was constructed. A 2.7 kb fragment 
of pSS15L0, containing the 15LOX (I417V,M41SV) coding 
region, was isolated by digestion with restriction endonucleases 
Nde\ and EcoK\. This fragment was purified by agarose gel 
electrophoresis and glass-powder elution (Geneclean kit. Bio 
101, La .'Olla, CA), then ligated to the baculovirus transplace- 
ment vector pSynXIV VI* X3 (Wang et ai, 199 1) which had 
been linearized by digestion with EcoRI and treated with calf 
intestinal phosphatase. The ligation reactions were started by 
the addition of T4 DNA ligase and incubation at I5X for 
16 h. The 3' ends of the resulting DNA were made flush by 
adding the laige fragment of E.coli DNA polymerase I and 
10 mM deoxynucleoside triphosphates, and incubating at 15°C 
for I h. After extraction with phenol and chloroform, T4 DNA 
ligase was added and the solutions were incubated at I5^C for 
16 h. This mixture was then used to transform competent 
ExoH DH5a (Hanahan. 1983). Plasmid DNA prepared from 
the transformants was then screened for the correct orientation 
of the I5L0X (I417V,M4I8V) coding region by digestion 
with Bgl\\. One of the plasmids identified in this way was 
used to re-transform Exoli DH5a for large-scale plasmid 
preparation (Qiagen, Chatsworth, CA) for DNA sequencing 
and transfection into Sf-9 cells, as described previously (Kuhn 
etaL 1993). 

Pwtein purification. I5LOX (f4l7V,M4l8V) was purified 
from the baculovirus-insect cell culture by anion , exchange 



chromatography, as described previously for the wild-type 
I5L0X (Kuhn et ai, 1993) except that the chromatography 
system used was a Waters 650 Advanced Protein Purificadon 
System. Column chromatography was performed on a Waters 
Protein Pak Q8 HR semi-preparative AP-I (10X100 mm) 
column (Millipore, Milford, MA). 

Lipoxygenase assay, enzyme kinetics and HPLC analysis. To 
analyze the activity of variant lipoxygenases in the bacterial 
expression system, 3 ml cultures were grown at 37**C overnight 
in LB broth (1% tryptone, 0.5% yeast extract* 1% NaCl) 
containing 80 tig/ml ampicillin. The bacterial cells were 
h'irvested by centrifugation at 5000 g for 10 min and re- 
suspended in I ml PBS (1.7 mM KH2PO4, 5 mM Na2HP04, 
0.15 M NaCl). Arachidonic acid (100 |ig) was added and the 
resuspended cells were , incubated at 37°C for 15 min. The 
cells AArere then jpla^ using a-Branson 

soiiifier at a low'setting three.U (30vS each);:llie'sonica^^ 
ciell mixtures were -1 then \extrac^d*: for HPLG* analysis as' 
described previously V(De. Marzo /^f^i^^^^^ lliet rcvers^^ 

Vrphasfe Hi^LC Jih^ysis was'^rforine(i as 

' ' 1 990)? Thfe' actiVities^ip wild-Htype'^ 15-^iip^^ 
type 12-lipoxygenase, expressed in Exoli, were analyzed by 
this technique for comparison. The ratio of products (12- 
HETE: 1 5-HETE) produced by the wildrtyp0 , l5-?ipoxygenjase 
was typically 1:9, and by,.lhe wild-iypjc 12Tl3ppxygenasc was 

i}erfbrmed: 

. . ^ , ^ ciiltiire 

^ ^system^as^^ei^^^ 

changes:^^^ 

^-^^iQ^fihd the absoitoancg at:2^^ 

if for 3riiiiri'0h a Beckmari"0iyiS5p^ 
part of the reaction progress curve was used to calculate the 
reaction, rates using a molar extinc 

^ ated dienes at 234 nm of 23 ()00 M/cm (G^^^ 
1987). tValues for apparent: /^^ ^^^ estimat^ fix)m^ 

Lineweaver-Burk and Hanes^Woplf rana^^^ best-fit 
linear regression by the (ZricketGraph III program on a 
Macintosh computer. 



Results 

Mutagenesis 

By searching for conserved differences in the sequences of 
the 1 2- and 1 5-lipoxygenases, we have been able to demonstrate 
that methionine 418 in human 1 5-lipoxygenase is a key 
determinant for positional specificity. Further mutations 
demonstrated that replacing amino acids at positions 416, 417 
and 418 of 1 5-lipoxygenase with those found in the 12- 
lipoxygenase of human platelets resulted in an enzyme with 
the positional specificity of 12-lipoxygenase (Sloane et ai, 
1991). To determine which of these three amino acids are 
required as determinants for the positional specificity of the 
enzyme, we changed the amino acids at positions 417 and 
418 from those found in 1 5-lipoxygenase (isoleucine and 
methionine respectively) to those found in a 12-lipoxygenase 
(valines at both positions). The bacteria expressing this double 
mutant lipoxygenase 1 15LOX (14I7V,M4I8V)] were incubated 
with arachidonic acid, sonicated and the fatty acids extracted 
for reverse-phase HPLC analysis. The predominant peaks of 
the chromatogram. monitored at 234 nm, were coeluted with 
authentic 12- and 15 HETE (data not shown) in a ratio of 
20:1 (I2 HETE:I5-HETE), a ratio similar to wild-type 12- 
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TMt I. The effect of difTerent amino actds at positions 417 and 418 of 
human 15-(ipoxygenase on the product profite of the enzyme 







Amino acid 417 


Amino acid 418 


I2-HETE:I5-HETE 
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Met (wild-type) 


1:9 
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Val 


Met 


1:1 
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20:1 
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lipoxygenase. Wjien . either tsoleucine 417 or methidriine 4 
was.chaheed to valine .alone, the resultin£ activitv : vieldeci 




if':}: 


\ r A senes;0^^^ 


l^fff^C'Table I); > V 
stations: was carried: p 


lil^at posiiteri;^4l 8^ 




,ainiri9%i£it.'^^^ affect the ehzyine V^cd^ 

(Table I). Replacing the methionine with asparagine resulted 
in an enzyme with equal 12- and 15-lipoxygenase activity. 
;.^e;activity-of t^^^^ methionine to. lysine, mutant was indistin- . 
guish'aBle* fro 15-Iipoxygehase. To examine' the 

l^l^l^'^f^ ^the.:|aminp^ acid side ;Chain; - we : • 
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chroma'tography. Insect cell lysates were prepared as described (Kuhn e! air 
:I99.p^;^>ironite were injected onto a Protein, ii 

J|5^Pg;HR?^!;iJ^^^ MA). The column- 

was^dewioped ai a^^^ using- ihcreasing percentages of ' .^Vv^ 

butfe;^^B'^^5qvm 0.2 M. NaCI) as indicated byi 

the ^gradient, line;, TTie column efflueni was monitored continuously at 280 ^'.-v 
nm.^^Frcciions (2 rifil) were collected and lipoxygenase activity was measured V* 
using the specirophoiomeiric assay, with arachidonic acid as a substrate (•). " 
Inset: SDS-PAGE (7.5S^) ^tuincd with Coomassie brilliant blue. Protein 
lanes are: lane 1, 5 ng purified wild-type human I5-Iipoxygenase (Kuhn 
et ai, 1993); lane 2, 10 ng insect cell lysate infected with baculovirus 
containing I5LOX (I417V,M4I8V) cDNA: lane 3. 10 ^g column flow- 
through (fractions 4-10); lane 4. 10 pg fraction 23; and lane 5, 10 jig 
fraction 48. 

to achieve high levels of expression for purification and 
enzymatic studies. Cultures infected with baculovirus, recom- 
bined with pSynlSvv, contained a large amount of protein 
(-15% of the total soluble cellular protein) that comigrated 
with the recombinant wild-type human IS-lipoxygenase on 
SDS-PAGE (Figure 1, inset). This band was immunoreactive 
to antibodies against the recombinant human 15-lipoxygenase 
and was not present in the insect cell cultures that had been 
prepared with vectors not containing 15-lipoxygenase cDNA 
(data not shown). 

Using anion exchange chromatography, lipoxygenase 
activity coeluted with a major protein peak on a Protein Pak 
Q8 semi-preparaiive FPLC column at a sodium chloride 
concentration of 30 mM (Figure I ). This one-step purification 
resulted in lipoxygenase of >90% purity, as judged by SDS- 
PAGE stained with Coomassie brilliant blue (Figure I, inset). 
Routinely. 40-50% of the lipoxygenase activity was recovered 
from the column, and a 7.5-fold enrichment of the specific 



0.15 



0.05 



1^ f A quadruple mutation was earned out, converting the QIMS 
fe; -sequence at positions 416-419 to KANA to introduce the 5- 
^ lipoxygenase sequence at this region. The E,coli expressing 
1^ this variant lipoxygenase had no detectable activity on either 
1^ arachidonic acid or linoleic acid (data not shown). All mutant 
I cultures were assessed for protein expression by SDS-PAGE, 
followed by immunoblot detection. To the limits of this 
technique, the levels of expression were not altered in any of 
r?; the mutants (data not shown). 

^ Purification and enzyme kinetics 

% The levels of expression of the wild-type and mutated lipoxy- 
I genases in Exoli are sufficient to analyze the products formed 
from the incubation with arachidonic acid; however, multiple 
^: attempts to purify the enzymes from Exoli were unsuccessful, 
presumably due to the low levels of expression. To increase 
f the levels of expression, we subcloned the 15L0X cDNA into 
«4 various Exoli expression vectors which contained a tandem 
;■; tac promoter, a promoter from the bacteriophage T7 or the 
. phoA promoter. Also, a bictstronic expression system in which 
k die lipoxygenase expression is linked to the highly expressed 
[. cheY protein was constructed. None of diese other vectors 
( resulted in increased expression. Previously, the wild-type 15- 
' lipoxygenase had been successfully overexpressed and purified 
from a baculovirus-insecl cell culture system (Kuhn et a/., 
1993). We constructed a baculovirus transplacement vector 
(pSynlSvv) which encodes the I5L0X (I4I7V,M418V) variant 
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cell culture 


Fraction 


Protein 
(mg) 


Total 

activity^ . 


Specific 
activity** 


Fold pure 


Yield 


Lysate 
Q8 


40.5 
2.4 


652.2 
288.0 


0.016 
0.120 


7.5 


100 
44 



Table III. A comparison of the steady-state kinetic parameters of the wild- 
type 15-lipoxygenase and ISLOX (I417VM4I8V) 



Lipoxygenase Arachtdonic acid 



Linoleic acid 



"Units are expressed as nmol conjugated diene formed per minute at 4°C. 
ba.sed on AOD234/min in the first 3 min of the reaction. An extinction 
coefHcient of 23 000 M/cm was used (Gibian and Vandenberg. 1987). 
^Specific activity is expres.sed as ^mol conjugated diene/min/mg protein. 



Wild-type 11.7 * 0.9 0.73 ± 0.20 

I4I7V,M4I8V 9.6 ± 1.4 0.22 ± 0.07 



14.3 ± 3.9 1.5 ± 0.2 
9.9 ± 2.6 0.16 ± 0.06 



II 

in M 



Values are nican.*i ± S£M; n = 3. 

"Units are expressed as nmol conjugated diene produced per minute. 



Table IV. Relative initial reaction rates of various fatty acids by the wild- 
type and 15-LOX (I417VM4I8V) lipoxygenases 



Substrate 



'*%.40 



- ; •: 0:00 



•i5L0(Wt| If^- ' 



Wild-type .l4l7yM418V 



Amchidonic acid. • . -.^ *: "* / j lOO. 

Eic6sa-ilZJ4Z.I7Z-inenoic acid \ X; ' 140.0 
Eic(Ksa-5Z.8Z,IIZ-lrienoic acid • Vv^ i V-* '-^ ^ 
Ei(isa-8Z,I IZ;i4Z-inenoic acid • ^ '^^r \.:^'406' ''^h 7\50 - 
Eicosa-5Z,8ZJ^ZH4ZJ7Z^ntacnoicaci^^^^^ -^m?-^'' 92- 
Docosa-4Z,7Z.10Z.I3ZJ6Z.19Z-hexaenoic acid 100 
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Fig. 2« Reverse-phase HPLX chromatograms (monitored at 234 nin) of the 
oxygenation products of purified wild-type (A) and mutant ( I5L0X 
(I4I7V,M418V)| (B) lipoxygenase. Assay conditions have been described 
previously (Sigal et al.^ 1990). Enzyme purified by anion exchange 
chromatography was incubated with 300 arachidonic acid, the lipids 
were reduced with bimethyl phosphite, extracted for HPLX? analysis and 
injected onto a reverse-phase C-18 column. The column effluent was 
monitored continuously at wavelengths between 200 and 300 nm on a 
Waters 996 photo-diode array detector (Millipore). (B) I5L0X 
(I417V>]4I8V) resulted in the production of a major peak absorbing at 
234 nm which coelutes with authentic 12-HETE. (A) Wild-type 
15-lipoxygenase resulted in the production of a major peak absorbing at 
234 nm which coelutes with authentic t5-HETE. Coelutton was confirmed 
by coinjection with authentic 12- and 15-HETE (data not shown). 

activity was achieved (Table 11). We have routinely recovered 
20-30 mg of pure enzyme per liter of culture. 

The I5L0X (I4I7V,M4I8V) variant expressed and purified 
in this way catalyzes the oxygenation of arachidonic acid to 
15-HPETE and 12-HPETE in a ratio of 1:20, as shown by 
reverse-phase HPLC of the corresponding hydroxy fatty acids 
obtained after reduction by trimethyl phosphite (Figure 2B). 
This is the same ratio found in the bacterial cell assay and is 



comjpletely the reverse of thai ffom pun 15- 
r-IipoxygenaseUFigure 2A)._ ^ r V 7 

■ Xhe^steady Estate kinetics^]pf the^!6xygehatipn^ 
•iaciij'an^^ 

atid ^as ^stibsirat^ miu^^ had . 

livery similar ajjpaifenl ATms: 

vrcdiic^d by a:tactoir pf 3 jCT^tbt^n^ as, 

:substrate, the appaiPent A'MS^f^^^ 

enzymes are similar; however,, the iniitant .e^ 

10 times lower than the wild-typ^efe^ 

enzyme that predomiiiahtly;caiBlyzes t^^ an 

'(o-9-carbon. ' ' .* • 

The activity of I5LC)X (t417V;iSi418V) on a variety of fatty 
acids was compared with the Wild-type 15-lipoxygenase to 
analyze the mutant's requirements for the position of a bis- 
allylic methylene (Table IV). Each enzyme was allowed to 
react in a quartz cuvette at 4*^0 with the various fatty acids at 
50 ^M. The change in absorbance at 234 nm was monitored 
continuously for 3 min. The initial reaction rates were deter- 
mined as the change in optical density per minute. The initial 
rates were compared with that of arachidonic acid, presented 
as 100%, which corresponded to 0.45 nmol/min for both the 
witd*type and mutant enzymes. Fatty acids which contained 
only three unsaturated positions were slightly better as sub- 
strates than arachidonic acid. The wild-type enzyme prefers 
substrates which contain a bis-allylic methylene at the a>-8 
position (arachidonic acid, eicosa-1 1,14,17-trienoic acid, 
eicosa-8,1 1,14-trienoic acid, eicosa-5,8,1 1,14,17-pentaenoic 
acid). In contrast, the 15L0X (I4]7V,M418V) prefers sub- 
strates which contain a bis-allyltc methylene at the CD- 11 
position (arachidonic acid, eicosa-8,1 1,14-trienoic acid, eicosa- 
5,8,lNtrienoic acid, eicosa-5,8,i 1,14,17-pentaenoic acid) and 
rejects eicosa-llZ.I4Z.17Z-trienoic acid which has a bis- 
allylic methylene at the (0-8 position. 

Discussion 

Defining the role that specific amino acids in an enzyme play 
in substrate recognition is of prime importance in understanding 
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enzyme function. By altering the specificity of an enzyme 
with amino acid substitutions at key positions, the primary 
determinants of specificity can be located. An analysis of the 
primary structure of the family of lipoxygenases permitted us 
to focus our attention on four conserved differences that could 
be critical in distinguishing a 12-lipoxygenase from a 15- 
lipoxygenase. Mutational analyses showed that amino acid 
418 is crucial in determining the positional specificity of 15- 
lipoxygenase (Sloane ai, 1991). The 3-D structure of 
the 15-lipoxygenase from soybean .seeds has been reported 
(Boyington et aL, 1993). By sequence alignment, the amino 
acid in the primary structure of the soybean enzyme which 
corresponds to methionine 418, phenylalanine 557, lies in a 
solvent-accessible cavity of the protein, suggesting that this 
cavity may be the fatty acid binding cavity. Since the structure 
was solved in the absence of substrate or substrate analogs, it 
is difficult to draw any conclusions about the binding of the 
substrate in the enzyme from the structure alone. However, 
the mutagenesis data presented here demonstrate that the 
assignment of this region as the fatty acid binding cavity is 
reasonable. Furthermore, the distance between the phenyl- 
alanine 557 and the iron (14 A; L.M.Amzel, personal com- 
munication) is close to the length of the fatty acid chain from 
the methyl terminus to the (o-8 carbon. 
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The results presented in this study are consistent with a 
model in which amino acids at positions 417 and 418 of 15- 
lipoxygenase define a structure that positions the substrate 
relative to the reaction center of the enzyme (Figure 3). When 
either the isoleucine at position 417 or the methionine at 
position 418 were replaced with valine, the resulting activity 
yielded equal 12- and 15-HETE. This implies a partial shift 
of the substrate from a position where the reaction center is 
aligned optimally for 15-lipoxygenation to a position where it 
is aligned for 12-lipoxygenation. The replacement of both 
isoleucine 417 and methionine 418 with valines results in 
activity which is similar to that of wild-type 12-Iipoxygenase, 
implying a complete shift in the binding of the substrate to a 
position where 12-lipoxygenation is preferred. 

One interpretalion of this result is that the amino acid side 
chains interact directly with the methyl terminus of the fatty 
acid substrate. The* smaller valines define' a deeper jjocket, 
; thus allowing the\substrale 40 bin^^ deeper >intp the enzyme 
.and ajigiiing.the reacljon .center^bf the enzyme with carbon- 
10 of ^'arachidbnlc acid (thersite ! X)f hydroj^en;ib^^ for 
1 2-lip6xygehatiori).^ two different mutation.s*^were carried oiit 
to test this interpretation. 

Firstly, by replacing methionine 418 with asparagine, we 
introduced a polar si chain at this position. If the^^hydro- 
phobicity of this side chain was important, asparagine should 
vhaye a ddeieriqus .effect, on the enzy me 's , activity. However;- 
fhii; t mutation that of the'SjSLOX , 

(M41 Syy.:;)/^ a siiniiar bUlk:(P6nae 

and Richards; tlie side-chain; bulk;appears to, 

be > niQre-s'im^^ at this^ ' 

posiiiph.iFMrt^^ 

;from ifi^ (M|l8K) mutation: Methio^^ 

and lysine both occupy 171 A*^ (Ponder and Richards, 1987); \ 
howeyeifr^^n^^ ^hydrophobic and lysine is charged: I 

^TJe^i SL change in its actiyityv 

jmplyijig that the side chain is not in contact with the subsliiate., 
■but de.fines the .positional .specificity of the enzyme in a less- 
direct way. 

Secondly, when the methionine was replaced with an iso- 
leucine, the change in the activity of the enzyme was similar 
to changing the methionine to a valine (i.e. an enzyme which 
performs equal 12- and 15-lipoxygenation was produced). 
However, when a methionine to leucine change was performed, 
the enzyme had activity that remained similar to that of wild- 
type 15-lipoxygenase. Therefore, a change as subtle as moving 
a methyl group from the P to the y carbon of this amino acid 
can have a dramatic effect on the enzyme's activity. The 
introduction of threonine at this position affected the enzyme's 
positional specificity, but not as severely as a valine. The 
hydroxy I group of the threonine can potentially make a 
hydrogen bond that is not possible with methionine or valine 
at this site. This could alter a key structural feature of the 
positional specificity region in a way that is different from 
any of the other amino acid changes. 

In this study, we found no effect on the of the I5L0X 
(I4I7V,M4I8V) enzyme for arachidonic acid, and very little 
change in the V^^^ of the reaction. This implies that there was 
no change in a key energetic interaction between the enzyme 
and the substrate. The important difference between the wild- 
type and mutant 15-lipoxygenase appears to be that the mutant 
allows the sub.strate to bind 'deeper', aligning the substrate in 
the active site to favor 12-lipoxygenation. Using linoleic acid 
as a substrate, the mutant has a similar AT^: however, the 
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is 10 limes less. This result is also consistent with the model 
(Figure 3). When linoleic acid is bound 'deeper' into the 
enzyme, carbon- 1 1 (the site of hydrogen abstraction, the first 
rate-limiting step of the reaction; Hambeiig and Samuelsson, 
1967) is moved out of an optimal position, resulting in a 
decreased reaction rate. Thus, a prediction of the model is that 
15L0X (I4I7,M4I8V) requires a bis-allylic methylene near 
the ct>-ll position of the substrate, whereas wild-type 15- 
Hpoxygenase requires a bis-allylic methylene near the (0-8 
position. 

This prediction was tested by assaying the activity of wild- 
type and 15LOX (I417V,M4I8V) on a variety of unsaturated 
fatty acids (Table IV). Comparing the activities of the enzymes 
on eicosa-lM4,17-trienoic acid with the activities on eicosa- 
5,8,11-triejnoic acid shows that the wild-type enzyme is more 
active on the. substrate with a bis-allylic .methylene at the a>-8 
position (eicpsa'ri I ;i4,17-trienm^^ the mutant is more ', 

active, on jhe substrate with a bis-allylic methylene at the o>- 1 
position (eicosa:5,8,ll-tnenoic(^^^^^ are. more 

active on eic6sa-8,l 1 , 1 4-jtrienoi6 aciid thanjon^^^ . 
as has been reported previously for; rabbit . I S-lipoxygenase ; 
(Kuhn e! ai, 1990b). The enzymes are equally active on the 
less saturated fatty acids (arachidonic acid, eicosa-S,8, 1 1 , 1 4, 1 7- 
pentaenoic aci4 .and,docpsa-4,7,10,.13,l6^ acid),, 
all of which contain bis kt both the co-S and 

(i>-! iv'fWSJtioibs:"* ['.^ ' .^n^v |v i ^, 

' 1^ / 
iippxygenase hive ibeeri chVacterized CTakahSs'hi;^/ aA , 1 9j88)t^ 
the 'plalelej^^^ a: narrow! substrate ^ 2indJ,a; * 

^^inz} iriequiremei^ 

ttypeSwhicii^hai^la^^ substratbitixin^ 
positional : specificity, introducing • oxygen, at t^^ 
as well as ait tHe 0^0^ position (Ha^^^ 1991). The 

'leukocyte-typeV I 2rlipoxygenase also catalyzes the oxygena- 
tion of fatty acjjds.es^ et al t 
1993), consistent w^^^^ ihfe-possfbiH interaifts 
predominantly with' the methy teVmirius of the substrate, as 
proposed for 15-lipoxygehase. The reduced activity of I5LOX 
(I4I7V,M4I8V) on linoleic acid, as well as its dual positional 
specificity on arachidonic acid, demonstrate that this variant 
is more similar to the * leukocyte-type' 12-lipoxygenase. Fur- 
thermore, the activity of the I5LOX (I417V,M418V) on the 
variety of fatty acids we tested is very similar to those reported 
previously for the 12-lipoxygenase from bovine leukocytes 
(Takahashi et aL 1988). However, the bovine leukocyte 12- 
lipoxygenase did not show the increased activity on eicosa- 
8Z,llZ,14Z-trienoic acid, a difference that does not change 
the interpretation of our data. 

Previously, Chen and Funk (1993) mutated the human 
platelet 12-lipoxygenase to introduce i5-lipoxygenase 
sequences and expressed the variant enzymes in a transient 
transfection of human embryonal kidney cells. These authors 
found that a single methionine to valine change had no effect 
on the positional specificity of the enzyme; however, a triple 
mutation (K4I6Q,A4I7I,V418M) resulted in an enzyme which 
performed 1 5-lipoxygenation with a 12-HETE:I5-HETE ratio 
of -4:1. Further replacement of all amino acids between 
positions 398 and 429 of the human platelet 12-lipoxygenase 
with those found in 15-lipoxygenase resulted in an enzyme 
which performed 12:1 5-lipoxygenation with a ratio of 1:2. 
During the course of this study we generated two different 
mutations of the 12-lipoxygenase from bovine tracheal epi- 
thelium (a 1eukocyte-type* enzyme) to make the converse 



changes of those made on 15-lipoxygenase. Neither mutant 
completely converted the enzyme from a 12-lipoxygenase 
to a 15-lipoxygenase; however, the double mutant 12LOX 
( V4 1 8I,V4 19M) did have altered positional specificity, showing 
a change in the I2-HETE:15-HETE ratio from 15:1 to 3:1. 
Thus, certain 12-lipoxygenases contain other structural ele- 
ments that are key features for its positional specificity. 
However, the porcine leukocyte 12-lipoxygenase appears to 
determine its positional specificity in a way similar to the 
model in Figure 3, as mutations on this enzyme which 
converted the two valines to isoleucine and methionine have 
been reported to switch the positional specificity from a 12- 
lipoxygenase to a 15-lipoxygenase (Suzuki et aL, 1994). 

Naturally occurring 1 2-lipoxygenases have been cloned from 
rat brains (Watanabe et al, 1993) and mouse leukocytes (Chen 
et a^.l994) w,hich;cpntain methionine; at the/same position in 
the sequence jas;l;5-lipoxygen^^ 

•of this methi^^^ had 
no effett Wthe pb^^^^^ 
\ (Watanab^ 

\ .'thai the ;!ratip:loi>:ii2^^ \ 
the rat brain lipoxygenase is 6:1 and for the mouse leukocyte 
enzyme is 3: 1 . Thus, these two enzymes with methionine at 

, position 418 have a product, profile that, is, shifted towards a 
l5-lipoxygena<^i;, a result that is similar to the mutagenesis 6n 
the b6vinen2pipc^ 3; / -^^v!.. ^ ■ 

^ We and jdltherer^^^^ \99'^)^2iyt 

: ' change the^^ 

;;'Vby' mula^^^^ 
4 1 6m11 9[;6^^ ^ Widi^ thp^ej 

' ^gends^ re^ 

.^^lactiyity.^^THisV^^^^ 

" features of i-Yx^iy^ind&e^ thar-'accbuht " fo^^ i^ "positional* 
specificity. vj^c^a v;.. ^" " " 

Taken together^]tliesejTesufe at 

' positions 417 any^^^ region 
of 15-lipoxygenaseVjndi^^^ side 
chain-substrate interactionyChahging the side-chain bulk at 
position 418 leads to a shift in activity towards 12-lipoxy- 
genation. No changes in the binding eneigetics of the substrate 
were detected. Therefore, rather than altering a direct inter- 
action between the substrate and the enzyme, the 15L0X 
(I417V,M4I8V) mutant allows the binding of the arachidonic 
acid substrate in a different register, favoring 12-lipoxygena- 
tion. This effect is dependent more on the amino acid side- 
chain bulk and geometry than on its chemical characteristics. 
The insensiiivity of this structure to either hydrophobicity or 
charge implies that the efTect of this amino acid is mediated 
through conformational or configurational parameters. Further 
dissection of the substrate binding interactions of 15-lipoxy- 
genase, coupled with X-ray crystallography or modeling with 
the soybean structure, will aid our understanding of how amino 
acids at positions 417 and 418 define the positional specificity 
of the enzyme: research will also demonstrate what roles other 
amino acids in the substrate binding pocket play in the 
structural basis of lipoxygenase function. 
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/region_name= "Domain 2" 

/note="NCBI Domains" 
SecStr 159.. 170 

/sec__str_type= "helix" 

/note="helix 1" 
Region join (215 286, 708 765 ) 

/region_name="Domain 3" 

/note="NCBI Domains" 
SecStr 258. .276 

/sec_str_type= "helix" 

/note="helix 2" 
Region 287. .334 

/region_name="Domain 4" 

/note="NCBI Domains" 
SecStr 296. .299 

/sec_str_type=" sheet" 

/note="strand 11" 
SecStr 300.. 308 

/sec_str_type="helix" 

/note="helix 3" 
SecStr 317.. 320 

/ s ec_s t r_type= " sheet " 

/note="strand 12" 
SecStr 323.. 327 

/sec_str_type=" sheet" 

/note="strand 13" 
Region join (335. .502,806. .839) 

/region_name= "Domain 5" 

/note="NCBI Domains" 
SecStr 342. .350 

/sec_str__type="helix" 

/note="helix 4" 
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SecStr 359.. 362 

/sec_str_type=" sheet" 

/note="strand 14" 
SecStr 394.. 402 

/sec_str_type="helix" 

/note="helix 5" 
SecStr 403.. 410 

/sec_str_type="sheet" 

/note="strand 15" 
SecStr 416.. 423 

/sec_str_type="helix" 

/note="helix 6" 
SecStr 429. .439 

/sec_str_type=" sheet" 

/note="strand 16" 
SecStr 441.. 452 

/sec_str_type=" sheet" 

/note="strand 17" 
SecStr 462.. 468 

/sec_str_type=" sheet" 

/note="strand 18" 
SecStr 475.. 496 

/sec_str_type= "helix" 

/note="helix 7" 

Het join (bond (499) , bond (504) , bond (690) , bond (839) ) ' 

/heterogen=" ( FE, 840 ) Fe(Ii) Ion". 
SecStr 508.. 517 

/sec_str_type= "helix" 

/note="helix 8" 
SecStr 522.. 529 

/sec_str_type="helix" 

/note="helix 9" 
SecStr 535.. 544 

/sec_str_type= "helix" 

/note="helix 10" 
SecStr 563. .571 

/sec_str_type="helix" 

/note="helix 11" 
Region 577 . . 606 

/region_name="Domain 6" 

/note="NCBI Domains" 
SecStr 581. .588 

/sec_str_type= "helix" 

/note="helix 12" 
SecStr 590.. 594 

/sec_str_type=" sheet" 

/note="strand 19" 
SecStr 600.. 604 

/sec_str_type="sheet" 

/note="strand 20" 
SecStr 609.. 628 

/sec_str_type= "helix" 

/note="helix 13" 
SecStr 643.. 654 

/sec__str_type= "helix" 

/note="helix 14" 
SecStr 672.. 693 

/sec_str_type="helix" 

/note="helix 15" 
SecStr 722.. 729 
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SecStr 



SecStr 



SecStr 



SecStr 



SecStr 



/sec_str_type="helix' 
/note="helix 16" 
730. .737 

/sec_str_type="helix' 
/note="helix 17" 
742. .755 

/sec_str_type="helix* 
/note="helix 18" 
776. . 801 

/sec_str_type="helix* 
/note="helix 19" 
809. . 812 

/sec_str_type=" sheet* 
/note="strand 21" 
813. .816 

/sec_str_type=" sheet" 
/note="stranci 22" 
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Structure conservation in lipoxygenases: structural analysis of 
soybean lipoxygenase-1 and modeling of human lipoxygenases. 

Frigge ST, Boyington JC, GafTney BJ, Amzel LM. 

Department of Biophysics and Biophysical Chemistry, Johns Hopkins 
University, Baltimore, Maryland, USA. 

Lipoxygenases are a class of non-heme iron dioxygenases which catalyze 
the hydroperoxidation of fatty acids for the biosynthesis of leukotrienes and 
lipoxins. The structure of the 839-residue soybean lipoxygenase-1 was used 
as a template to model human 5-, 12-, and 15 -lipoxygenases. A distance- 
based algorithm for placing side chains in a low homology environment 
(only the four iron ligands were fixed during side chain placement) was 
devised. Twenty-six of the 56 conserved lipoxygenase residues were 
grouped in four distinct regions of the enzyme. These regions were analyzed 
to discern whether the side chain interactions could be duplicated in the 
models or whether alternate conformers should be considered. The effects of 
site directed mutagenesis variants were rationalized using the models of the 
human lipoxygenases. In particular, variants which shifted positional 
specificity between 12- and 15-hpoxygenase activity were analyzed. 
Analysis of active site residues produced a model which accounts for 
observed lipoxygenase positional specificity and stereospecificity. 

PMID: 8778775 [PubMed - indexed for MEDLINE] 
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S-Iipoxygenase from potato tubors* 
Improved purification and phystcochemical characteristics 

Etienne MuUiez Jean-Pidre Leblanc ^, Jean-Jacques Girerd 
Michel Rigaud ^ and Jean-Claude Chottard " 

' Laboratoir^ de Chimie et Bioddmie Pharmacologufues tt Toxicologiques, UA 400 CNRS, Paris, 
^ Groupe <ir ncherctus m fmmunologiw d «ff Biochimiw^ CHR Dupuytren, Limoges 
end * Laborai^ SpeeuodOmlt du EUmtnts de 7>angHio/k UA 42Q CNtlS, Unioersiti Parts-Sud^ Orsqy (Francr) 

(Received 23 Maieh 1987) 



words: S-Upoxygcaase; 11-Lipoxygesase; ESR; Leukotrieoe A4; Hydroperoxyoctadecaditaoic add; 
Hydxoperoxyeieosfttetraeaoicadd; (Fotato tuber) 

Potato tubers are diowo Co contain at least three lipoxygenase isoenzymes. A very efficient extraction of 
lipoxyg^iase actirity is obtained when a non-tonic detergent (0.1% Brij 99) is added to the homogenlzatiofi 
buffer. The major isoenzyme, L|, has been purified in an almost homogeneous form with a good yield (18%) 
and a high specific activity (140-160 units/mg). It is efficiently stabilized by glycerol (2a9&, v/v). The 
purified L| isoenzyme is slightly contaminated lpy an 11-iipoxygenase, both having very dose pi values (4.94 
and 4.99, respectively). L| is a monomeric protein of 92000 containing one iron atom per molecule. The 
native enzyme is in a pseudo-axial high-spin ferric state as indicated by EPR. Acting on linoleic acid, L| 
forms 9-hydroperoxyoctadecadienoic add (9-HPOD) almost exduslvdy. With aradiidonic add, 5-hydroper- 
oxyeicosatetraenoic acid (5-HPETE) is the major product (70-75%) beside smaD amounts of 8(Sy and 
9-HPETE. Due to the contamuiating activity, 11-HP£T£ (15%) is also present Formation of both 
8(5)-HPETE and ladcotriene A 4 hydrolysis pnidiicts accounts for the mtrinsic 8-lipoxygenase activity of 
the L| Isoeniyme. 



Introductida 

lipoxygenases (linolcate/o^^en oxidoreduc- 
tase, EC 1.13.11.12) catalyze the stereospecific in- 
sertion of dioxygen into polyunsaturated fatty 



AbbfCYiaiions: Biij 99. HCXCHy<ai,0)»-(CH,),.CH - 
CH-(CHj)y.CH,; L,, m^'or Uocazyiiie 0/ potato 5-lipoxy- 
Senases; HPETE, bydroperoxyetoosateCraenwc add; HPOD. 
l^ydroperoxyocudecadienotc add; Detapac, diethylenetri- 
amincpentaacetic add; NDGA. aordihydroguaiaretic add; 
ABPH, aoetonylaeetooe bispheBylhydrasone; BPH, beazolde* 
kydc phcnyihydrarooe. 

Conespondence: E. MulUez, Laboratoire de Chimie cl Bio 
diinue Phannaoologiques et Toncologiques* UA 400 CNRS, 
45 rue des Saint Pfaes, 75270 Pari* Cedex 06» France. 



adds containing at least one l,4-(Z»Z>pentadi- 
enyl unit [1,35,36]. Acting on arachidonic add, 
5-lipoxygenase leads to 5(5)-HPET£, which is the 
precursor of biologically active leukotrienes [2], 

As part of a general project aiming at the 
understanding of the reaction mechanism of these 
enzymes, we needed a convenient source to get a 
S-lipoxygenase easily and in reasonable yidd. 
Several mammalian 5-lipoxygcnascs have recently 
been purified and characterized [3-S], but, beside 
their low stability, they are not available in large 
amount Among vegetal lipoxygenases the potato 
enzyme is one of the few showing a 5-lipoxygenase 
SLCtiviiy [9-12]. A pure preparation is able to cata- 
lyze the formation of the unstable leukotriene A4. 
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epoxide from 5(5>HPETE» which is the primary 
and major product of the arachidonic acid reac- 
tion [10]. 

In this paper, we present a short and reproduci- 
ble procedure to get the major isoenzyme of potato 
lipoxygenases in an. almost homogeneous forms 
with a yield and specific activity higher than those 
previously reported. The reactions with linoleic 
and arachidonic adds have been studied in detail, 
showing in the latter case an intrinsic 8-lip- 
oxygenase activity likely to account for the 
leukotrienc A4 hydrolysis products detected. Fi- 
nally, £PR data support an iron ferric state for the 
native purified enzyme. 

Materials and Methods 

Tween 20, sodium acetate and sodium bisulfite 
were reagent grade from Merck. Biij detergents 
(polyoxyethylene ethers), diethylraetriamine pen- 
taaoetic add (Detapac), nordihydroguaiaretic add 
(NDGA), arachidonic add (99%) and linoleic add 
(99%) were from Sigma. 3-Ainino,l-(3-tTiiluoro- 
mcthyl>2-pyrazoline-Ha (BW 755Q was a gift 
from Rhone-Poulenc, France. Acetonylacetone bi- 
sphenylhydrazone (ABPH) and benzaldehyde 
phenylhydrazone (BPH) were prepared according 
to published procedures [23] and had correct ele- 
mental analysis and spectroscopic characteristics. 
DEAE-Tiisacryl gel was purchased from IBF. Ul- 
trapure water was obtained through a reverse 
osmosis system (Elga, Millipore). 

Enzyme preparations 

L| soybean lipoxygenase (160-200 U/mg) was 
purified as described in Ref. 31. potato li|>- 
oxygenase was purified at 4^ C as described in the 
text. The following cultivars were screened for 
5-lipoxygenase activity: Bintje, Dani, Daresa, De- 
siree, Kaptah-Vendel, Kennebec, Lizcn and 
Norchip. Tliey were purchased from INRA, Sta- 
tion d*Amelioration de la pomme de terre et des 
plantes a bulbe, BP 5, 29207 Landemeau cedex, 
France. The purification of the L, 5-lipoxygena$e 
herein described was done with the Bintje variety. 

Assays 

Lipoxygenase activity was measured at 23^ C 
by monitoring the increase, in absorbanoe at 234 



nm of the forming hydroperoxides (c = 25O00 
M'^-cm"') or, in some instance, the oxygen 
uptake using a Clark oxygen-electrode with a Gil- 
son oxygraph assuming a 240 mM Oj concentra- 
tion in air-saturated buffer at 23" C. Both meth- 
ods gave identical results. Reaction buffer was 0.2 
M sodium acetate containing 0.5 mM Detapac 
and 0.001% Tween 20 (w/v) (pH 5.5). One activity 
unit was defined as the production of 1 ftmol 
HPOD per min from 150 linoldc add. Protein 
concentrations was routinely assayed by measur- 
ing the absorbancc at 280 am (e « 140000 M*^ • 
cm'^). For the purified samples of lipoxygenases, 
a good agreement with the results of the protein 
assay described by Lowry ct al. {34] was found 
Before each set of experiments, fresh solutions of 
the desired fatly add were pr^ared as follows: 
purification of the commerdal high-purity add on 
Sep-Pak straight-phase cartridge (Waters) yielded 
a peroxide-free solution in hexane/ ether (95 : 5). 
Thorough evaporation of solvents followed by ad- 
dition of Tween 20 (1 : 1, w/w, vs. substrate) and 
solubilization in degassed water gave a turbid, 
solution which became clear upon addition of few 
drops of 2 M NH4OH. The solution was then 
adjusted to the desired concentration by addition 
of degassed water. A reverse-phase HPLC analysis 
of this solution showed a baseline recording in the 
hydroperoxide region. 

Leukotrieae A4 synthetase activity was assayed 
at 23^ C by anaerobic incubation of 5-HPETE 
with the enzyme as described by Bryant et al [20]. 
After completion of the reaction (monitored by 
ultraviolet spectroscopy) the reaction mixture was 
brought to pH 9.00 with dilute sodium hydroxide 
and the unrcacted 5-HPETE reduced by NaBH4. 
After cautious addification with 2 M dtrate (pH 
4.00) and ether extraction, the crude reaction mix- 
ture was esterified with an excess of ethereal di- 
azomethane. The dihydroxymcthyl esters deriva- 
tives were analyzed on a semi-preparative straight- 
phase HPLC column as indicated below. 

Determination of the absolute configuration of 8- 
HPETE 

Pure S-HETE was obtained through straight- 
phase HPLC purification and standard NaBH4 
reduction of the hydroperoxide. The ammonium 
salt (3 pg) of this product was reacted at pH 9 in 
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0.5 ml 20 mM borate buffer with 1 /ig of highly 
purified L, soybean lipoxygenase. The conversion 
of the dicne chromophore into the conjugated 
triene (X 259, 269, 280 nm) was complete within 
5 fxiin at room temperature. After reduction and 
elution from a C18 Sep-Pak carttidge the reaction 
niixture was analyzed by reverse-phase HPLC 
(isocratic eluUon. H^O/ MeOH/ CF3COOH/ 
EtjN (200:800:1:0.5) at a flow rate of 0.8 
ml/min). Two compounds were found in a 91 : 9 
ratio. They were identified as 8(5).15(S)-diHETE 
(retention time, 7.33 min) and 8(/^),15(5)-di- 
HETE (retention time, 8.02 min), respectively, by 
coelution with auth»tic samples. The same reac- 
tion perfoxmed on racemic 8-HETE obtained by 
ara':hidonate autoxidation yielded the same two 
compounds in a 49 : 51 ratio. 

Anafytica! methods 

SDS-polyacrylamide gel electrophoresis was 
perfoxmed at 10 * C with 10% bisacrylamide gds in 
phosphate buffer containing 0.1% SDS (pH 8.3) in 
the presence or absence of 2-mercaptoethanol. The 
molecular weight protein standards (20 000 X 
94000) were from Pharmacia. A 2103 Ultraphor 
LKB system was used. The current was set at 8 
mA per tube. The migration lasted for 8 h. Sam* 
pies contained 25-100 MS proteins. The gels 
were stained for protein with Coomassie bnllant 
blue R*250 and diffusion destained in 10% acetic 
add. They were scanned for protein density on 9 
Sebia system 2 densitometer. 

Isoelectric focusing was run on an electrofocus- 
ing unit 2217 Ultraphor equipped with a 2103 
power supply and multitemperature 2209 from 
LKB. About 100 fig of protein were deposited on 
the plate (ampholines-polyacr^amide gel plate, 
pH » 4-6.5). The gel was stained, destained and 
scanned for protein density as described above. 

Atomic absorption spectrometry was per- 
formed on a Pye Unicam FP9 Philips apparatus 
equipped with a hollow electrode specific for iron 
(A « 248.3 nm). Standardization was done with 
calibrated FeQ, solutions obtained by dissolving 
high-purity iron in concentrated HCL 

HPLC reverse-phase chromatography was run 
on a Kontron liquid chroznatograph system 
equipped with a 200 programmer. A 5 /im 
Spherisorb column was used for isocratic elution 



(HPETEs detection at 237 imi). Acetoniirilc (65%) 
in HjO containing 0.1% acetic add was used as 
eluent (flow. 1.5 ml/min.). DiHETEs were puri- 
fied on a semi-preparative /iPorasil column 
(Waters). The mobile phase was composed of 
solvent A (hexane/0.1% acetic add) and solvent B 
(hexane/1% tsopropanol/0.1% acetic add) de- 
hvered with a linear gradient at 4 ml/mdn. The 
gradient started at 20% solvent B. going up to 
100% solvent B in 30 min. The effluents were 
monitored at 250 and 280 nm. The 280 nm-ab- 
sorbing fractions were collected, evaporated to 
diyness imder nitrogen and submitted to GC-MS 
analysis after derivatization as previously de- 
scribed [33). 

Electron-impact mass spectra analyses by CC- 
MS were performed on a LKB 2091 mass spec- 
trometa- interfaced to a PDP 11 data system- 
Mass spectra were recorded at 70 eV. Multiple ion 
detection was used for monitoring the major frag- 
ments of dihydroxylated compounds. A spedfi- 
cally designed capillary coliunn was used in most 
of the GC-MS studies. This column showed very 
little^ if any, adsorption of 5- and 8-hydroxylated 
derivatives, as generally occurs with most of com- 
merdally available columns [33]. 

Ultraviolet spectra and kinetic studies were per- 
formed on a Uvikon 920 Kontron spectrometer. 

EPR spectra were recorded at X-band frequency 
with a Brukcr ER 200 spectrometer at 4-15 K 
using an Oxford Instruments continuous flow 
cryostat. Hall probe and a Hewlett-Packard 
frequency meter (modulation frequency. ICO KHz; 
microwave power; 20 mW; field modulation in- 
tensity; 3.2 Gpp; gain. 2.5 • 10^). 

Results 

Purification procedure 

The purification herein described is mainly 
based on the procedure of Sekiya et al (12]. with 
the important difference of adding a non-ionic 
detergent (0.1%) to the extraction buffer. 

A comparison of the effectiveness of several 
detergents is shown in Table I. From these daU» it 
appears that the addition of millimolar concentra- 
tion of Brij detergents to the homogenization 
buffer, 0.1 M sodium acetate/ 2 mM sodium bi- 
sulfite/0.1 mM Detapac (pH 4.5), allows a much 
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TABLE I 

EXTRACTION OF UPOXYGENASE ACnVlTY FROM 
HOMOGEHATE OF POTATO TUBERS. EFFECTS OF 
NON-IONIC DETERGENTS 

Diced pouto tnbecs (100 g) Id 100 ml baiier (0.1 M sodiuin 
aeeute/2 mM sodium bisulfite (pH - 4w5)) and the indicated 
ooncentration of detergeol were homogenized in a Waring 
Blendor (2SO0O rpm) at 4* C (2 X 1 roin.), filtered on gauze and 
centriMged at 20000 X g for 20 min. The supernatant was used 
as source of the lipoxygenase. For extracted proteins, the 
estimated protein ooncentration was calculated from ab- 
sorbance at 280 nm, a.fs»ming an c « 140000 M~'-cm~? [31]. 
1 activity unit is defined as the formation of 1 pmol HPOD per 
mitt, ralnilatfH from the increase of absorbanoe at 234 nm 
(( B 25000 M'^^'Cm"') of the fonmng hydroperoxides. Uno- 
leic add is 150 Assay buffer, 0.2 M sodium acetate/O.l 
mM Dctapac (pH 5.5). IC^q, concentration of detergent which 
gives 50% inhibition of linoleic add (150 /kM) hydroperoxida^ 
tion with 0.2 unit of lipoxygenase. 



Exp, 


Detergent 


Extracted 


Spec. 


ICso 


No. 


(mM) 


proteins 
(mg/ml) 


act 

(units/ 
mg) 


(mM) 


A, 




7.7 


0^6 




Aa 


Tween20(2.8) 


9.8 


1.10 


500 


A, 


Brij 56 (X8) 


11.8 


1.80 


180 


A4 


Bnj96(2.S) 


10.7 


2.90 


160 


B, 




6.75 


0.50 




B» 


Brij 96 (0.15) 


6-90 


0.92 




B, 


Brij 96 (1.5) 


7.70 


1.80 




B4 


Brij 96 (7,5) 


8.15 


2.00 




c, 




5.2 


0.56 






Brij 99 (1.15) 


6.8 


2.40 


120(J:,«=47) 



better recovery of lipoxygenase activity. This ef- 
fect levels off at about 2 mM detergent concentra-' 
tion. Brij detergents inhibit the enzyme, as appears 
from the IC50 values given in Table I. Despite a 
rather cfHicient competitive inhibition (^j = 47 
fiM), Brij 99 was selected because of the smaller 
amotmt necessary to give a purer protein. It was 
also foimd to protect the enzyme against inactiva- 
tion during the purification and storage (about 
40% loss of activity after 6 months at -80*^Q. 
HowevCTj in that respect, glycerol (20S6, v/v), 
which is not at all inhibitory, was found to stabi- 
lize the enzyme better (Less than 10% loss of 
activity after 6 months at - 80 C), 

The centrifuged homogenate (20000 X g, for 20 
min) was direcdy dialyzed overnight against 3 vol. 
of 20 mM Tris-aceute buffer containing 0.1 mM 



Detapac as trace metal chelator (pH 7.4). After 
removal of precipitated inactive proteins, the lip- 
oxygenase activity was recovered in the fraction 
between 30 and 50% ammonium sulfate satura- 
tion. 

The pellets were dissolved into a minimum of 
Tris buffer and dialyzed versus 2 X 1 1 of this 
buffer. 

The dear colorless supernatant was inuoduced 
on top of a DEAE-Trisacryl colimm (40 X 3 cm) 
previotisly equilibrated with the above-mentioned 
Tris btjffer. The column was washed with 2 bed 
voL and the proteins were eluted with a linear 
gradient (0-0.18 M) of sodium acetate in Tris 
buffer (pH 7.4). 

Under strictly non-saturating conditions (typi- 
cally less than 1 g of protein) the lipoxygenase 
activity was found in three sq)arate peaks (Fig. 1), 
eluting at approx. 0.10, 0.12 and 0.15 M sodium 
acetate, respectively. The corresix>nding isoen- 
zymes are later called L^, L2 and L3. The active 
fractions of the major isoenzyme were pooled 
and dialyzed against the above-mentioned Tris 
buffer containing 20% glycerol (v/v) for 20 h 
(1x3 1). Omitting the addition of glycerol at this 
step results in a significant loss of activi^ dtiring 
dia^sis. 



ti La L, 




Frad'on number 



Fig, 1. DEAE-Tiisacryi colums profile of a dialyzed, 
fractionated potato homogenate. The columa is washed with 2 
bed vol. of buffer/20 mM Tru-sodiuxo aceute/O.l mM De- 
tapac (pH 7.4). Thereafter, a linear gradient of sodium acetate 
is applied (0-0.18 M). The (low rate is set at 120 ml/h and the 
efllueai coUected in 20-mJ fractions. The tipoxygenase activity 
is defined as in Table I. 
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The dialysato was then chaiged on a second 
pEAE'trisacryl colimm (20 X 3 cm) equilibrated 
with the Tris-glyccrol buffer. The column was 
washed with 2 bed vol. and a linear gradient 
(0-0.13 M) of sodium acetate in buffer was then 
applied. Hie lipoxygenase activity was recovered 
at 0.10 M sodiiun acetate in a single peak coincid* 
ing with one protein peak only (not shown). The 
active fractions arc conveniendy stored at — 80 C, 
with a minimal loss of activity which is not altered 
by fieeze-thawing cycles. The purification proce- 
dure is summarized in Table II. Hie major potato 
lipoxygenase isoenzyme (L|) was purified about 
50-fold with a spedfic activity of 140-160 units/ 
aig. Starting with 250 g of tubers, about 20 mg of 
the L| 5-lipoxygeaase were obtained. 

Properties of the purified potato lipoxygenase 

Physicai dtaracteristies. Fig. 2(A) shows the 
densitogram of the enzyme SOS disc-gel electro- 
phoresis on 10% polyacrylamide gels in the pres* 
ence of marker proteins. Only one protein is found 
at 92000, but the p>eak appears slightly dis- 
torted on the low-molecular-weight side, suggest- 
ing the presence of another protein having a very 
close molecular weight. A similar pattern is ob- 
tained under SDS non-reductive conditions as well 
as without SDS. Activity-staining showed in the 
latter case that lipoxygenase activity was coinci- 
dent with the protein band (not shown). 



5-UPOXYGENASE FROM 



TABLE II 

PURIFICATION OF L, 
POTATO TUBERS 

For details of pioidn and total activity measuremcntA, see 
Table I. 



Step of purification 


Protein 
(mg) 


Total 

activity 

(units) 


Specific 
activity 
(units/zDg) 


Yield 
W 


Homogcnizatioa 


7500 


20000 


2,7 


100 


23-40% aaunooiuin 
sulfate saturadon 
and dialysis 


2210 


17100 


7.7 


85.5 


DEAE ion-exchange 
chromatography 

Li 

La 


130 
104 
70 


7400 
3200 
2300 


56.9 
30.7 
32.8 


37.0 


Dialysis 


130 


5600 


43.0 


28.0 


OEAE ion^cfaange 
chromatography 


25 


3600 


147.0 


18.0 



Hie procedure described above has also been 
utilized to purify the lipoxygenase from potatoes 
extracted without detergent This gives basically 
the same purification factor, although with a much 
lower yield and activity, but SDS-polyacrylamide 
gel electrc^horesis shows that, besides the band at 



.L 



30000 



c 
r 




2. (A) Densitogram of the SDSdisc gd dectropboresis of the L, 5-Upoxygenase. About 25 Mg proton were deposited and stained 
with Coomasde bfillant blue R-250. Pkoteia markers (Phannacia) are as follows (molecular wdghi in parentheses): phosphoxylase B 
<^^000X' bovine serum albumin (67000). ovalbumin (43000). carbonic anhydrase (3000(1). soybean trypsin inhibitor (20100). (B) 
Deasitograffl of the isoelectric focusing of the 5-lipoxy8enase on Amphtdines (jpH 4.00-6.SO) (Ampholine-PAO pUte). About 100 

|ig protein were deposited. 
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92000, major protein contaminants are present at 
Af , 66 000 and 41 000 (not shown). 

The estimated found for Lj 5-lipoxygenase 
is in a reasonable agreement with those given in 
the literature [10], but definitely lower than that of 
the isoenzyme from soybeans {M, 98000) [11]. 

When the purified 1^ is submitted to analytical 
isoelectric focusing on ampholines (pH 4-6.5), it 
is split into two bands with very close p/ values 
(4.94 and 4.99) in an area ratio of about 65 : 35, 
both exhibiting lipoxygenase activity. A minor 
and inactive band is also present at higher p/ (Fig. 
2(B)). 

The L| isoenzyme contains 0.95 ±0.18 iron 
atom per molecule, as determined by atomic ab- 
sorption spectrometry. (In the same conditions we 
found 0.97 ±0.10 iron atom per molecule for 
several purified samples of L| soybean lip- 
oxygenases from different varieties.) Interestingly, 
atomic absorption analysis of a dialyzed *aged' 
sample stored at -80**C without glycerol and. 
which had lost about 40% of its original activity, 
gave only 0.52 ± 0.1 iron atom per molecule, sug- 
gesting that the observed slow inactivation might 
be partly due to a loss of essential iron. 

At variance with lipoxygenases from soybeans 
[13] and peas [14], native potato L| 5-lipoxygena5e 
exhibits an £PR spectnmi which is characteristic 
of a high-spin Fe(lII) state in a pseudo axial 
environment, with major signals at ^ =■ 6.38 and 
5.9 (shoulder). (A small rhombic Fe(III) signal is 
also present at g » 4.3.) Upon addition of one or 
several equivalents of 9-HPOD, the low-field sig- 
nals merge at g = 6.25, with no increase in the 
intensity of the overall signal (Fig. 3). Accord- 
ingly, a concentrated sample of native potato 
5-lipoxygena5<s shows the characteristic yellow col- 
our observed with the ferric form of the L, soybean 
enzyme. 

In agreement with a previoiis report from Pin- 
sky et al. [11], the present isoenzymes (pure) 
and L2 (partially purified) show maximal activity 
at pH 5 J (Fig. 4). Pouto isoenzymes are almost 
inactive at pH 7.5 and down at pH 3.5. Our 
results can be reconciled with those of Shimizu et 
al. [10], who found an optimal pH of 6.3 if one 
takes into account the report from Berkeley and 
Galliard [15], who demonstrated that the presence 
of Tweea 20 used for emulsifying the fatty add 
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Fig. 3. EPR spectrum of the 5-lipoxygcna$c. Trace 1. oative 
enzyme (170 ;»M); trace 2, as in 1. with addition of 9-HPOD 
(170 mM) iA 2-propaiiol Qess than 1%, v/v); trace 3, as in I, 
with 9-HPOD (680 /aM) in 2-propaaoL 



substrates moves the optimum pH (rom 6.3 to 5.5, 
with slight broadening. 

Reactions of L/ 5-tipoxygenase with iinoleic and 
arachidonic acids. Linoldc acid is one of the best 
substrates of poUto lipoxygenase [16). The 
observed activity depends on the physical form of 
the solubilized substrate. The rate obtained with 




Fig. 4. Effect of pH on enzyoae activity of purified and par- 
tially punned Lj isoenzyme of potato S-Upoxygenase. Iinoleic 
add (ISO /aM) as wbstrate in dtrate/pbospbaic buffer (Oa 
M). 
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„o detergent present is about 10% of that obuin^ 
"uh the ammonium Unoleate dispersed in 5% 
r;l) Tw^20. Tbc reacaon of L. (0.2 ^xs) 
Zth Unoldc add (150 ^M) gives a linear produc- 
Ton of hydroperoxides for over a range (see 
rSe^ininkUon below). However, the reacuon 
>„cvcr quantiutive (maximal conversion, 85- 
5)*rsuMesting some degree of inartivauon of 
T J^c during the reaction. No enzyme 
^vS>y Ca- (0.1-5 mM) could be det^^ 
A direct injection of the reacuon mixtu^ on 
reverse-phase HPLC shows only one peak. How- 
^eHfUr diethyl ether extraction, straight-phase 
HPLC analysis reveals the presence of three peaks 
" a 25 S:95 ratio identified as (9£. 11Z)-13- 
SpOD. (9Z. 11ZH3-HPOD and 9-HPOD. r^ 
coectivcly 117). The same experiment performed 
the partially purified L, and L, i«Knzymes 
^ to increasing amounts of the 13 isomers 
(15% from Lj and 25% from L3). 

The determination of the X„ of L, 5-lip- 
oxygenase for linoleic add has been P"»o™~ 
oSr two orders of concentration (2-200 mN^- 
excellent correlation (0.9996) is obtained with K„ 
= 39MMand Jfect = 8300 ±40Oinin ». 

Arachidonic add is a good substrate for the 
potato Bpoxygenase. Throughout the purification, 
the V measured is constantly 20-25% of that 
foundTor linoleic add. Hw kinetic course of the 
reaction shows a lag phase as wcU as substrate 
inhibition, but the main feature is the apparent 
autoinactivation of the enzyme. Tliis is quahu- 
tivdy demonstrated, as the reaction never goes to 
compleUon (about 75% conversion at low sub- 
strate concentration to a bare 40% at high sub- 
strate concentration). The reaction starts again 
with the addition of fresh enzyme only. We have 
determined the kinetic constant of autoinactiva- 
tion according to the method of Smith and Lands 
118). When plotting instant vdodty versus remain- 
ing substrate concentration, for experimenU with 
arachidonic add concentrations larger than K„, a 
family of paraUd straight lines U obtained whose 
sk>pe allows A^-ct calculation. In these conditioiis 
it was found that k-^ - 0.95 ± 0.2 min'*. This is 
to be compared with the catalyuc constant for the 
arachidonate peroxidation = 1500 ± 75 min . 
Smith and Lands [18] have reported prominent 
autoinactivation of the soybean enzyme (spec, act.. 



1 52 U/mg) when acting on arachidonic add and 
other ,K.lyunsaturated fatty adds. However. « our 
handsTa purified sample of L, soybean Up- 
^Siase (spec act. 212 U/mg) failed to show 
S\utoin^tion phenomenon dunng its reac- 
tion with aradiidonic add (more than 95% sub- 
strate conversion). With L, 5-Upoxygenasc a rea- 
sonable fit was found (0.9987) for the determma- 
tion of the K„ of the arachidonic reacUon (/c„ = 
38uM.A =1500 ±75 min"'). 
''i^ev^-phase HPLC analysU of the crude 
mixture from the reaction run with 80 jiM 
aradiidonic add reveals the presence of several 
oeaks in the HPETE region. After diethyl ether 
^traction, a straight-phase HPLC dttonutogra- 
phy shows a very similar pattern. Quantification 
bam HPLC data and from GC-MS anaOyas of Ae 
derivatized sample shows that 5-HPETE is the 
major product (70-75%). but a significant amount 
of U-HPETE (15%) is also fonned 
quantities of 8- and 9-HPETEs (Table III). No 12- 
or 15-HPETE were detected in this reactoon. Each 
compound was unambiguously id«itif.ed by 
sdec\ed ion fragments (GC-MS) and m some m- 
stanocs by co-dution with anthenoc samples 
(HPLQ. It is noteworthy that the HPETEs distri- 
bution obtained with a detergent-free homog<aaW 
is quite similar to the one observed with the pure 

^ We have tested dght varieties of poutoes (see 
Materials and Methods) and always found these 
HPETEs, with only small differences m their dis- 
CibuUon. nierefore. our results djjf" 
of Shimizu et aL [101. who reported a 90% rdative 
vidd of S-HPBTE from the ammomum sulfate 
fraction of a potato homogenate obtained from a 
non-spedfied variety of tubers. 

The absolute configuraUon of 
been determined as follows, straight-phase HPLC 
p«ification foUowed by NaBH, '"d-^**** jf" 
forded the pure hydroxy derivauve, which was 
^ as subftrate for highly purified L, soyb«m 
Upoxygenase at pH 9.00. After reducuon. a inajor 
p?oSt (over 90%) was obtidnrf con^i^ndmg^^ 
8(S).15(S)-diHErE (X^ - 259. 269, 280 nm). 
^p opWteidentification was made fromid^u- 
cS mSition time and coduUon with the authentic 
t^S^dly supplied by Dr. J. ^^<>^'^^^ 
^ Canai) in reverse^phase HPLC and from 
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TABLE 111 

REACTION OF ARACHIDOMC ACID (80 |iM) WITH 
POTATO UPOXYCENASE. RELATIVE PERCENTAOES 
OF THE METABOUTES 

Tbe relative proportions of the HPETEs are based on the 
assumptiOD of identical c (27S00 M~^*cffl~^> at 237 nm) for 
each compound. Hiey are calculated from the peak areas of (he 
HPIX^ chromatogram (either suaight- or reverse-phase). The 
retention times are for reverse-phase HPLC (isocratic dution: 
65% CH,CN in H^O containing 0.1% CH3C02HX Dihydroxy- 
arachtdonate meUhoUtes were obtained after NaBH4 reduc- 
tion of the reaction mixtuie (see text). The relative proportions 
are based on an identical average c (40000 M'^^cm^' at 270 
nm). The retention time are for reverse-phase HPLC working 
in the gradient mode indicated in Materials and Methods. 
Figures in brackets indicate the relative proportions with re- 
spect to aU arachidonate melabc^tes. 
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comparison with the products obtained from the 
same reactions perfonned with the lacemic al- 
cohol (see Nfaterials and Methods). 

Beside HPETEs, L, 5-Upoxygenase forms 
simultaneously triene compounds, as is apparent 
from the ultraviolet spectrum and the HPLC anal* 
ysis of the crude reaction mixture. The time course 
of this reaction, followed at 270 nm, is very similar 
to that obtained at 237 iim, showing in partictilar 
a lag phase and a rapid absorbance leveUing-off. 
The initial rate of formation of these products is 
about 10% that of the HPETEs. 



It is noteworthy that the presence of as high as 
3 mM NaBHjCN (able to reduce any free HPETE) 
does not impede the reaction. This is in favor of 
immediate conversion of HPETEs at the enzyme 
active site as soon as they are formed. 

That these trienes could be leukotriene B4 iso- 
mers was checked as follows: Incubation of 
arachidonic add (5 mg, 80 /tM) with 25 units of 
the purified L, was performed for 5-8 min (maxi- 
mal conversion) at S^C in 0.2 M acetate buffer 
(jpH S.S). After reduction and esterification, the 
mixture of dihydroxymethyi ester derivatives was 
analyzed on semi-preparative straight-phase HPLC 
working in a gradient mode, with 280 nm detec- 
tion. Each peak was collected and the producu 
silylated using standard procedures. GC-MS anal- 
ysis was done using a speciEcally designed fused 
capillary column (see Materials and Methods). 
The dihydroxy compounds accounted for about 
10% of all the metjUiolites formed, assuming an 
average molar absorbance coefficient (c-400(X> 
M-*cm-^)(19J. 

Identification was achieved by monitoring 
selected ions (GC-MS) and coelution with 
authentic samples (kindly supplied by Dr. J. 
Rokach) in HPLC Using the above-mentioned 
HPLC system, four peaks corresponding to five 
compounds were detected at 280 nm in the ap- 
proximate ratio 1:4:2:2 following the elution 
order. 5(5'),12(iS)diHET£ was found to coelute 
with 6-/ran^-leukotriene B4 (peak 2, retention time> 
19.2 min). These two compounds and the 22- 



TABLEXV 

CNHIBITION OF 5-UPOXYOENASE-CATALYZEP 
OXIDATION OF UHOLEIC AND ARACHIDONIC ACIDS 
(IC30 VALUER /»M) 

IC)Q values were calculated from the slope of the plot Id V/Vq 
vcnus the oooocatration of inhibitor, where V and Vo are the 
measured in, lespectively, the presence and absence of 
inhibitor. Straight tines were obtained from iterative least- 
squares method. The correlation factors are in parent2iescs. 



Inhibitor 


LinoleicacU 


Arachidonic add 




050 fiM) 


(100 mM) 


ABPH 


15 (0.99S) 


3.9(0.992) 


BPH 


34J (0.987) 


1.4 (0.996) 


BW 755C 




350 


NDCA 


170 (0.500) 


36.5 (a991) 
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e/?i,6-rr<inx-leukotriene B4 (peak 4, retention time, 
20.7 min) gave identical ions with only differences 
in their relative intensity. Prominent fragment ions 
were found at the indicated m/e (followed by 
proposed identification in parentheses): 293, M 
aCHj-CH - CH.(CHi)4-CH3)] ~ (MejSiOHD; 
217, (MejSiO = CH-CH - CH-OSiMe3); 203. 
(Me3Si6-CH-<CHj)3.COOMe); 129. (MejSiO 
«CH-CHj-CH-CH,). 

The two other dihydroxylated derivatives were 
tentatively assigned to S.ll-diHFTE (peak 3, re- 
tention time, 20.1 min) and 5,8-diHETE (peak 1, 
retention time, 18.7 min). * 

Inhibition of Lj 5 -lipoxygenase. Several aryl- 
hydrazones have been foimd to be potent inhibi- 
tors of heme [21] and non*heme iron containing 
en2ymes [22,23]. In this laboratory, they have been 
used to explore the mechanism of 1^ soybean 
lipoxygenase [24]. Although they are more effi- 
cient on the latter enzyme, many of them were 
found to be potent inhibitors of the potato lip- 
oxygenase. In Table IV are presented IC50 values 
obtained with ABPH and BPH along with those 
for NDGA and bW 755C as reference inhibitors. 

The inhibition depends on the substrate used. 
We constantly found an order of magnitude de- 
crease in IC30 values when using arachidohic in- 
stead of lineolic acid. The data show that 
arylhydrazones are more efHdent than classical 
inhibitors such as NDGA or BW 7SSC. 

DisGussioD 

Based on the use of a non*ionic detergent (0.1 Z 
Brij 99), a 5-lipoxygena$e has been purified from 
potato tubers. The procedure yields at least three 
isoenzymes and the major one (L^) has been iso- 
lated in good yield and with 3-4-fold higher 
specific activity than that previously reported (250 
g of tubers give 20 mg of the enzyme widi a 
specific activity of 140-160 units/ mg). 

In its reaction with arachidonic acid the present 
prq>aradon gives 5-, 11-, 8- and 9-HFETEs in 



* Due to the scatcity of the material, oomplete identification 
was not feasible. However, both compounds present an ion 
fragment at m/e 203, indicative of 5-hydroxyarachidonate 
derivatives. 



. relative proportions of 75 : 15 : 5 : 5 together with 
triene compounds, accounting for about 10% of 
the whole mixture. The four hydroperoxides have 
always been found among the reaction products 
formed from Brij-containing homogenates of eight 
different tubers varieties. Detergent-free homo- 
genates also give a very similar HPETE distribu- 
tion (see Table 111). The formation of the minor 8- 
and 9-HPETEs has not been reported before with 
the potato enzyme. The relative amount of 11- to 
5-HPETE (17%) is significanUy larger than that * 
found by Shimizu et aL [10] (5%). This raises the 
question of the presence of a contaminant 11-lip- 
oxygenase in the purified preparation. That 11- 
HPETE comes from the activity of a 11-lip- 
oxygenase and not from a lack of regioselectivity 
of the purified 5-lipoxygenase is supported by the 
following experiment: Potato tubers have been 
first extracted without any detergent. The material 
left after gauze filtration and that recovered as 
pellets after centrifugation of the homogenate w^e 
mixed together and submitted to a second homo- 
genization in the same buffer, but containing 0.1% 
Brij 99. This second extract exhibited a lip- 
oxygenase activity with a significant increase of 
the 11- to 5-HPETE ratio (35%). Analytical iso- 
electric focusing supports the presence of a con- 
taminant 11-lipoxygenase whose p/ is very close 
to that attributed to L, (Fig. 2(B)). 

The present preparation exhibits a leukotriene 
A 4 synthetase activity, as shown by the presence 
of the two epimers of 6-r/vmj^leukotriene B4 among 
the metabolites of the arachidonic reaction. This is 
confirmed by the formation of these sole epimers 
after anaerobic incubation of 5-HPETE with the 
purified enzyme. This agrees well with the results 
of Shimizu et al. [10], who assigned the leukotriene 
A 4 synthetase activity of their preparation to a 
8-lipoxygenase activity demonstrated using bis- 
homo-Y-linoleic acid, a dose arachidonic analogue 
lacking the Cj-Q double bond. Our results show 
that potato lipoxygenase does form 8(5)-HPETE 
from arachidonic acid. This is in parallel with the 
results obtained by Borgeat et al. [25] with rabbit 
polymorphonuclear leukocytes. The presence of 
both leukotriene A 4 nonenzymatic hydrolysis 
products and 8(5)-HPETE, together widi the ab- 
sence of 12-HPETE, implies that these compounds 
derive from the abstraction of the same pro-/2 



hydrogen atom at Ciq. After NaBH4 reduction of 
the reaction mixture, 5(5),12(5)*diHETE is also a 
dihydroxylated derivative found in the arachidonic 
reaction. This compound comes from double 
oxygenation of the substrate since it is absent 
from anaerobic incubation of S-HPETR The same 
holds true for the two other minor metabolites 
detected. The presence of 5(^),12(5)-diHETE is 
somewhat unexpected as no 12-HPETE is de- 
tected among the reaction products. To check the 
remaining possibility that 12-HPETE could rapidly 
be converted to 5,12-diHPETE by the purified 1^, 
we have looked for a 12-lipoxygenase activity of 
the preparation. The latter can be ruled out, as no 
14,15-leukotnene A 4 hydrolysis products are 
formed after anaerobic incubation of 15-HPETE 
with the enzyme [20]. ^ Taking into account the 
antarafadal relationship that exists in ail lipo- 
xygenase-type reactions [26], this could imply the 
tilting of the 5*HP£TE molecule [27], maybe in* 
volving the complementaiy binding site proposed 
by Baumann et al. [2S]. 

Eased on £PR data» the iron of native L| 
5-Iipoxygenase appears in a high-spin ferric state 
with a pseudo-axial environment. Such a native 
ferric form has been very recently reported to be 
partially present (25%) in native lipoxygenases of 
inunature soybean seeds [29). In our case, the 
addition of 9-HPOD does not modify the spec- 
trum (the observed symmetrization of the low-lield 
signals is almost certainly due to the isopropanol 
solvent of 9-HPOD [30]). This niles out the fonna- 
Cion of a purple enzyme, as in the case of the I^i 
soybean or pea lipoxygenases. Despite its native 
ferric state; this enzyme presents a lag period for 
the hydroperoxidation of both linoldc and 
arachidonic add. This seems to agree with the 
proposition that the lag period of lipoxygenases is 
relevant to hydroperoxide binding to a regulatory 
site in order to get full catalytic efficiency [18,31J. 

In sutmnaiy, we have shown that a 5-lip- 
oxygenase is more readily available from potato 
tubers when using a non*ionic detergent in the 
extraction buffer. This suggests that, in potato. 



• No thene compounds are formed, but 15-HPETE U slowly 
convened to a 285 nm-absorbiag ^edcs, which is under 
investigation. 



this enzyme could be located inside cell mem- 
branes. We have found that the pure enzyme is 
very effidently stabilized by a high concentration 
of glycerol. When reacting with its substrates, the 
L| geu inactivated, a behavior common with 
mammalian lipoxygenases. Although the prepara- 
tion is not homogeneous, presenting both S- and 
11-lipoxygenase activities (75 and 15%, respec- 
tively), it is suffidently pure to allow mechanistic 
studies and to provide a good supply of 5-HPETE. 
Beside its major lipoxygenase activity, this pre- 
paration has an intrinsic 8-lipoxygenase activity, 
as shown by the presence of 8(S>HPErE and 
both epimers of 6-rranf-leukotriene B4 in the 
arachidonic reaction mixture. At variance with 
soybean lipoxygenase*! and pea lipoxygenase* the 
native form of the potato L| 5-lipoxygenase is in a 
high-spin, pseudo-axial ferric state. 
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Anandamide, an endogenous ligand for cannabinoid 
receptors CBl and CB2, was incubated with purified 
5-lipoxygenases from barley and tomato. This yielded 
llS*hydroperoKy-5,8,12tl4-eicosatetraenoylethanol- 
amide (IIS-HPANA) as major product (about 70%). 
Tliis is in contrast with the dio^genation of aracbi- 
donio acid, where GS'-HPETE is the ni^or product. This 
observation implies that the regiospecificity of the di- 
ozygenationy catalyzed by w^ «w»nwiiwi nlinTi ^-Upozy- 
genasesy is altered by a modification at the carboxylic 
end of the substrate. Soybean IS^Upozygenase forms 
155 HPANA (95%) and 115-HPANA (5%), and in the 
second diozygenation 5,15-diHPANA (45%) and 845* 
diHPANA (55%) ore formed. Apparently, the regiospec- 
ificity of the soybean 15-lipoxygenase reaction is only 
sii^tly afiected usmg anandamide as substrate, e iam 



In the early aineties anandaznide (arachidonyletha- 
nolamide) was isolated from porcine brain lipids and 
found to act as a ligand for cannabinoid receptors CBl 
and CB2 (1,2). Although structurally distinct from can- 
nabinoids, it shows a similar receptor binding affinity. 
Anandamide is an arachidonic acid derivative and 
thereby a substrate for lipoxygenase (3-5) and for 
cyclooxygenase (6). Lipoxygenases (linoleate: oxygen 
oxidoreductase 1.13.11.12) are a group of non-heme 
iron*containing enzymes which catalyze the regio- and 

^Tb whom correspondence should be addressed. Fax: (31) 30 
2540980. E-mail: veldinkdcc.ruu.fa. 

Abbreviations used; sLOX, soybean lipQxygenase-1; bLOX» barley 
Hpozygenaae-l; tLOX, tomato lipoxygenase; SPE, solid phase extrac- 
tion; RP-HPLC, reversed^phase high performance Uquid. chromatog- 
raphy; CP-HPLC. chiral-phase hi^ performance liquid chromatog- 
raphy; (3C/MS, gaa chromatography/mass spectrometry; H(P)ANA, 
iS^-(2.hydroxyethyl)hydro(pcro)xyarachidonylamide; H(P)ETE, hy- 
dro(pero)xyeicosatetraenoic add; BHT» 2.e-Di>(ert-butyl-4-methyl 
phenol; NDGA nordihydroguaiaretic acid; CD. dxcular diehroinn. 



Stereo-selective dioxygenation of polyrmsaturated fatty 
adds with a (Z,Z)-l,4-pentadiene system. Porcine leu- 
kocyte 5-lipoxygena3e was foimd inactive towards an- 
andamide (4). In this study the potency of non-mamma- 
lian 5-lipo3^genases, like those from barley grains and 
tomato fruits, to use anandamide as substrate was in- 
vestigated. 

EXPERIMENTAL PRCX)EDURES 

MaUriaU. Arachidonic add, NBGA and sodiumborohydride were 
(rom Sigma. Anandamide was purchased from ICN biomedicals. 
Pyridine, 1,1 » 1,3,3 »3-hexamethyldisi]azane. chlorotriinethylsilane 
and BHT were of the highest qxiality from Aldrich. Palladium on 
caldum carbonate (6% Pd) was from Acros Organics. Telrahydrofu- 
ran, hexane and methanol were from Biosohre. Bariey graina were 
a gift €rom Ms. I Kokkelink (Heineken, Zoeterwoude, The Nether* 
lands). 

Enzyme and substrate preparations. Lipoxygenases from barley 
grains (Triumph), tomato fruits (Trust) and soybeans (white HUum) 
were purified as described (7-9). Anandamide and arachidonic add 
were purified via solid phase extraction as follows: anandamide or 
arachidonic add (5 mg) was dissolved in 2 ml methanol, and 60 ml 
sodium borate buffer (pH 9.0) was added under continuous stirring. 
After lowering the pH to 4, the solution was applied to . a SPE 
(Bakerbond, 500 mg, J.T. Baker) column. Autooxidation products 
were eluted with 5 ml methanoUwater (80/20 vAr). Anandamide or 
arachidonic add was eluted with 5 ml methanol, concentrated to 2 
ml under a stream of nitrogen and BHT was added to a final concen- 
tration of 40 /iM. 

Metabolite generation. Bach lipoxygenase was incubated with an- 
andamide or arachidonic add (final concentration 40 /<M; 1 U lipoxy- 
gensse per 3 /miol substrate) in 100 mM sodium borate bufler (pH 
9.0 for the IS-lipoxygenase and pH 7.0 fiur the 5-Upoxygenase8).The 
reaction was followed spectrophotometrically at 236 nm. After com- 
pletion, the pH was lowered to 4 and the products were purified with 
SPE (Bakerbond. 500 mg, J. T. Baker) and then analyzed by HPLC 
and/or (MVMS. 

Speetrophotometric assay, Speetrophotometric assays were per- 
formed by continuously monitoring the change in absorbance at 236 
mn on a Hewlett-Packard 8452A diode array spectrophotometer. A 
molar absorbance of 23000 cm'^ at 236 nm was used for 
U(P}£TS8 and H(P)ANAb (3) and 25000 M'' cm~' at 234 nm for 
HPODs. For 8,15- and 5,35-diHPANA molar absorbaaoes of 40000 
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cm-^ at 269 nm a&d 33500 M*' cm-> at 243 nm wera used 
respectively (10). 

HPLC. Reaction products of anandamide and arachidoziic add 
with the various lipoiygenases were analyzed on a Hewlett-Packard 
1090 LC HPLC ^yst«D equipped with a HP 1040A diode array detec- 
tor and aa HP7994A analytical woritoUtion. RP-HPLC was carried 
out on a Cossonl 5C18 AR column (5 /on. 250 x 4.6 Kacalai 
Tesque) with tetrahydroAjran/methanolAvatex/ aeetic acid (25/40/35/ 
p.l v/v/\/v) as solvent at a flow rate of 1 ml/min. Chiral separations 
of the sodiunsborohydride-reduoed «'?andninidfi metabolites were 
canried oat on a Chlraleel OD-R eolunm (5 /Am, 250 x 4.6 mm, Daioel) 
with methanol/water/acetic add (75/25/0.1 v/v/v) as ehient at a flow 
rata of 0.5 mlAnin. In separate experiments anandamide metabolites 
generated by the different HpojQrgenases were isolated by RP-HPLC 



and reduced with an eicoess of sodiumborohydride at 0*C for 30 min. 
After lowering the pH to 4, the resulting hydroxy-anacdamide me- 
tabolites were pnrified by SPE (Sep-Pak tClS Vae, 50 mg. Waten) 
and analysed by CP-KPLG. 

Circular diehrwm spectroscopy, CD-spectra of the RP-HPLC pu- 
rified HANAs (about 40 /iM HAKA in methanol, optical pathway 1.0 
cm) were recorded on a JASCO J-600 spectropolaitneter from 210 
to 270 nm. Typically 10 spectra (resolution of 1 am, scan speed 10 no/ 
min) were accumulated and ooirected for an independently recorded 
baseUne of 40 pM awnf^^iTnT^if in methanol, 

Cos chrontatography'mass spectrometry. Anandamide metabo- 
lites prepared with bLOX and sLOX were reduced with an excess of 
dodiumborohydride at 0^ for SO min and after lowering the pH to 
4 purifiad by SPE (Sep-Pak tC18 Vafi, 50 ag, Watera). The hydroxy- 
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TABLE I 

Relative Reaction Rates of sLOX, bLOX. and tLOX with 
Arachidonic Add and Anandamide Compared with Linoleic 
Add 



Substrate 




Emyme 




sLOX 


bLOX 


tLOX 


Linoleic add 




100 


100 


Arachidonic acid 


160 


15 


12 


Anandamide 


8B 


33 


15 



* Reaction rates were measured spectrophotometrically by coatinu- 
ously monitoring the increase in absorbanee at 234 run for linoleic- 
acid and at 236 nm for azBchidonic add and anandamide, with 40 
tM substrate in 100 mM borate bufiar <pH 9.0 for sLOX and pH 7.0 
for bLOX and tLOX). The values indicate the reaction rates (linear 
parts of the progress corves) relative to linoleic add. 



anandamide metabolites were elated with methanol, dried under a 
nitrogen stream, redissolved in 1 ml hexane and hydxogenated with 
a catalytic amount of palladium on caldum carbonate (5% Pd) in a 
hydrogen atmosphere. After 30 min, the catalyst was removed by 
filtration over a pre>wasbed (hexane) piece of cotton wool. Hexane 
was ev^wrated under a nitrogen stream and silylation reagent (50 
fd; pyridine^.,! 1 1.3 ,3.3-hejcamethyl<li sil aiane/trimethylchlorosilane 
(5/1/1 v/v/v)) was added. After 30 min at room temperature* the sUyla- 
tion reagent was evaporated imder a stream of nitrogen and the 
rendue was redissolved in 20 hexane. An aliquot was analyzed 
by GC/MS (Carlo Erba GC 8060 with a Fisons MD 800 mass detector) 
equipped with a CP-Sil 5 CB-MS column (26 m x 0.25 mm X 0.25 
fim, Chrompack). The colunoin temperature was held at 200*C for 1 
min» increased in 13 min to 330^ and held at this temperature for 
2 min. Mass spectra were recorded under electron impact with an 
iomzation energy of 70 eV. 

RESULTS 

Anandamide was incubated with three plant lipoxy* 
genases and the reactions were followed apectrophoto- 
metrically. In comparison to arachidonic acid the reac- 
tion rates of sLOX, bLOX and tLOX with anandamide 
were halved doubled or equal, respectively (Table 1). 
All reactions were inhibited in the presence of NDGA, 
a known LOX inhibitor (11). 

The reaction products were reduced, hydrogenated and 
tnmethylsilylated, without further purification. With 
GC/MS the monoHPANA derivatives are separated into 
three peaks which can selectively be monitored at m/z 
500, [M>CHs]^ The first peak contains 6-HPANA, the 
second peak 12-, 11.. 9- and S-HPANA, and the third 
peak 15-HPANA (data not shown). The mass spectra of 
the anandamide metabolites are given in Fig. 1 and the 
most abundant fipagmentations are listed in Table 2. The 
^lydrogenated and trimethylsilylated mono- 
ttrANA derivatives typically show four main ion peaks, 
OTv-fcJ^* 73, the TMS fragment, m/z 500, the (M- 
™8nwnt, and two ion peaks around the dioxygen- 
^ C-atom, where the fragmentation towards the iSr-2- 



cthyl-OTMS part is the most abundant The only excep- 
tion is 5-HDPANA, where the fragmentation towards the 
//-2-ethyl-OrMS part yields m/z 214 instead of m/z 304, 
due to the loss of HOTMS. The hydrogenation step in 
the derivatisation scheme has the advantage that the 
structures show characteristic ion peaks that via selec- 
tive ion monitoring the different anandamide metabolites 
can easily be recognized. 

Surprisingly, the major product of the anandamide 
dioxygenation by plant 5-lipoxygenases is 11-HPANA, 
whereas with arachidonic add as substrate 5-HPETE 
is formed. Reaction products were quantified by RP- 
HPLC (Fig. 2, Table 3) and identified by GC/MS, 

Ihe assigxunent of the absolute configuration was based 
on CD-spectroscopy in combination with chiral separa> 
tions. The CD-spectra of 15-HPANA (sLOX). 11-HPANA 
(bLOX), and 5-HPANA (bLOX) showed a positive Cotton 
effect^ so they have predominantly S-configuration (12). 
On this basis chiral separations were used to obtain the 
accurate R/S ratios of the anandamide metabolites (Table 
3). The regiospecifidty of the reaction of bLOX with anand- 
amide was not pH dependent, as incubations between pH 
5.2 and 9 gave identical RP-HPLC patterns. 

Soybean lipoxygenase, at relatively high enzyme con- 
centratioBs, is capable of conveiting arachidonic add ipto 
8,15- and 5,15-diHPETE (10). For anandamide, compara- 
ble results have been reported based on absorbanee mea- 
stnrements (5). Here, the two doubly dioxygenated anand- 
amide metabolites were separated by RP-HPLC, ana- 
lyzed by GC/IAS and the mass spectra are shown in Fig. 
3. These compounds were identified on the basis of the 
[M-CHJ* fragment (m/z 588), and show also the charac- 
teristic ion peaks around the dioxygenated C-atoms (Ta- 
ble 4). Ihe compounds were identified as 8,15- and 5,15- 
diHPANA and are formed in a molar ratio of 55:45 as 
determined by RP-HPLC (data not shown). 

DISCUSSION 

Fatty add ethanolamides, containing one or more 
IZ,4Z-pentadiene systems, have been described as 



TABLE 2 

Characteristic Mass Fragments of the Reduced, Hydroge- 
nated, and Trimethylsilylated Anandamide Derivatives (c^ 
Fig. 1) 

Ghoracterifltic fragment ions Mt) 



Anft^^f*Thi 




Dioxygenated 




metabolite 




C-atom 


TMS 


15-HPANA 


500 


444; 173 


73 


12.HPANA 


600 


402: 215 


73 


ll.HPANA 


500 


388:229 


73 


9-HPANA 


500 


360; 257 


73 


S-HPANA 


500 


346; 271 


73 


6-HPANA 


500 


214; 313 


73 



35 



Vol. 246. No. 1. 1998 



BIOCHEMICAL AND BIOPHYSICAL RESEARCH O0M^4UNICATI0^« 



A 










LJ 


11-HPANA 


0 


10 a 


B 
C 


11 


A 


I/?/ A 1 


0 10 20 


F 


11 


15 

— ff ." .--^ /L 


12 

A 



20 



i(min} 



FIG. 2. Reversed-phaso HPLC analysis of reaction products formed finom arachidoaic add and anandamide with various lipoxygenases 
momtor^ at 236 Aradudonic add at 40 aiM was incubated with sLOX (A), bLOX (B) and tLOX (C). Anandamide at 40 uM waa 
ucubated with »LOX (D>, blOX (E). and tLOX (P). The elutioa positions of 8- and 9-HPANA may be interchanged. 

suitable substrates for lipoxygenases. Native 15-lipojy- ficity towards anandamide as with arachidonic add 
pnases from soybeans, rabbit reticulo<grte, and porcine (3,4). However, porcine leukocyte 5-lipoxygenaae has 
leukocyte 12-lipozygenase show the same regiospeci- been reported to show no activi^ towards anandamide 

TABtE 3 

The Product Spedfidty (Percentage) for Arachidonic Add and Anandamide by Soybean LipQzygenase-1 (sLOX), Barley 
LipWffenaae-l (bLOX), and Tomato Lipoxygenase (tLOX) with Enantiomeric Composition of the Major Anandamide 
Metaboutes 



Poaitiott 
OOH 



sLOX 



bLOX 



HPETE 



tLOX 



HPANA 


HPETE 


HPANA 


HPETE 


HPANA 


95 (95/5)^ 


6 


9(90/40) 


5 


10(60/50) 




4 


1 


3 


2 


6(8CV20) 


10 


72(95^5) 


30 


65(95/5) 




7 




3 


r 




7 


V 


19 






66 


14(9£/5) 


40 


16 



15- 
12- 
11- 
9- 
8> 
5- 



100* 



(80/20) 



* Isomeric ratio of the diozygenatioo products the three lipoxygenases, as detennined by RP-HPLG 

7?'* products, as determined by diiral separations in combination with CD spectroscopy. 

Tne distributions of 8- and 9-HPANA may be interdianged. 
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FIG. 8. Doable dioxygeoation of ANA by sLOX. Mass spectra of the reduced, hydiogesated and triiaetbyUilylated &»1S- (A) and 8.15- 
diHANA (B) derivatives. liisets represent tbe deduced stnictuzts and their main fragmentation patterns. 



(4). Interestingly, we observed here that 5-lipoxygen- 
ases from barley grains and tomato fruits converted 
anandamide into 115-hydroperoxy-5,8,12,14-eicosa- 
tetraenoylethanolamide (IIS-HPANA). With arachi- 
donic add as substrate these 5-lipozygenases yield 55- 
HPETE as the major product, while they are inactive 
towards methyl arachidonate. This implies that with 
anandamide as substrate for plant 5-lipoxygenases hy- 
drogen abstraction occurs at 013, whereas with.ara- 
chidonic acid it occurs at €-7. 

In a study with four different N^linoleoyl amides, 
the dioxygenation by soybean 15-)ipoxygenase showed 
similar regio- and stereoselectivitLes, compared to lino- 
leic add (13). The results reported here show that also 
the double dioxygenation of anandamide by soybean 
15-lipo]cygena$e is similar to that of arachidonic acid. 

Recently, the X-ray ctystallographic data of a mam- 
malian 15-lipo:Qrgenase have been published together 
with a hypothesis to explain the positional specificity 
of mammalian lipoxygenases (14,15). In this model the 
substrate is oriented with its methyl end towards the 
active site for aU different Upoxygenases. Our data 
show that anandamide enters the active site of the 
plant S-lipoxygenases, but the observed regioselectivity 



TABLE 4 

Characteristic Mass fVagments of ttie Reduoed* llydroge- 
nated, and Trimethylsilylated Doubly Dioocygeaated Anand- 
amide Metabolites icf. Fig. 3) 





Characteristic fragment ioas Cm/«) 




Anandamide 




Dioxygvnated 




metabolite 




C-atoas 


IMS 


8.16sUHPANA 


588 


532; 442; 346; 173 


73 


5,16-diIIPANA 


588 


532; 442; 214; 173 


73 



suggest that the presence of the ethanolamide group 
prevents the substrate from penetrating deeper into 
the active site cavity, to allow the C-5 regioselectivity. 

The observations reported here demonstrate that the 
regiospecificity of the 5-lipozygenase reaction changes 
through modification of the carboxylic terminus of the 
substrate, while it has been shown earlier to change 
after site-directed mutagenesis (IS). 
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